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ABSTRACT
GENETIC EVALUATION OF AMERICAN SHAD ALOSA SAPIDISSIMA
RESTORATION SUCCESS IN JAMES RIVER, VIRGINIA
by
Aaron W. Aunins
A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor
of Philosophy in Integrative Life Sciences at Virginia Commonwealth University
Virginia Commonwealth University, 2010
Director: Bonnie L. Brown, Ph.D. Professor, Department of Biology
The American shad Alosa sapidissima has experienced severe declines throughout its native
range due to habitat degradation, fragmentation, and over-fishing. Hatchery supplemen-
tation is often used for stock restoration, but the effects of supplementation on population
structure and genetic diversity are rarely assessed. This study employed molecular markers to
evaluate how supplementation of the James River American shad population with Pamunkey
River origin larvae since 1994 has impacted genetic diversity and population structure. Pop-
ulation genetic parameters of other major Chesapeake Bay tributaries (Susquehanna, Rap-
pahannock, Potomac, and Nanticoke) also were characterized. Prior to stocking, the James
and Pamunkey populations exhibited subtle genetic differentiation, which was absent among
post-supplementation samples, presumably due to the stockings. A similar situation was
observed among other shad populations of Chesapeake Bay tributaries which were subtly
differentiated in the 1990s but lacked any credible among-population differentiation among
contemporary samples. Genetic diversity of the James River shad population was high prior
to stocking, and remained high throughout years of intensive supplementation, yet the cur-
rent population decline suggests that the James River shad population still has not recovered.
Despite harvest curtailment, elimination of the ocean intercept fishery, and widespread sup-
plementation efforts, Chesapeake Bay tributary American shad populations are collectively
at their lowest levels in recorded history. Therefore, success of other restoration goals such as
creation of fish passage in James River was investigated in a concurrent radio telemetry study
to assess passage at Bosher’s Dam fishway. Ninety-four American shad were radio-tagged on
the spawning grounds below Bosher’s Dam. Approximately one-half of the tagged shad were
detected at the escapement receiver within 24 hours after tagging, and the average residence
times of remaining shad were approximately one week. No tagged shad were detected above
Bosher’s Dam. These results imply that restricted passage through Bosher’s Dam fishway
may be an important factor in the failure of James River American shad to recover. There-
fore, improving passage at migratory barriers such as Bosher’s Dam, in conjunction with a
continued Bay-wide fishing moratorium, may be more beneficial to shad restoration efforts
in James and other Chesapeake Bay tributaries than continued supplementation.
CHAPTER I
General Introduction
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1.1 General Introduction
Every spring American shad Alosa sapidissima ascend embayments, rivers, and tribu-
taries to spawn in tidal and non-tidal freshwater reaches. At the southern end of the range
in Florida, spawning runs begin in January; at the northern end of the range in Quebec,
spawning runs begin in June and July (Limburg et al., 2003). A latitudinal gradient in
iteroparity exists where populations on the southern end of the range are entirely semel-
parous, whereas populations northward of 32◦N show an increasing degree of iteroparity
(Leggett and Carscadden, 1978). The duration of most spawning runs is two to three months,
but varies subject to temperature. Within Chesapeake Bay, spawning runs take place from
approximately mid-March until late May (Olney and Watkins, 2009).
Limburg et al. (2003) estimated that at least 138 populations of American shad existed
in the 1800s along the Atlantic coast from Florida to Canada, but that by 2003, only 68
of these populations remained. A more recent 2009 assessment of the status of American
shad and other anadromous fishes in the North Atlantic reports that American shad relative
abundance has dropped 98 percent since data collection on stocks began in the mid-1800s
(Limburg and Waldman, 2009). These declines are attributed to over-fishing, loss of spawning
habitat through dam construction, and pollution (ASMFC, 2007).
American shad have played an important role in Chesapeake Bay for centuries. In pre-
colonial times, native populations undoubtedly exploited annual anadromous spawning runs
and some tribal governments continue to harvest shad under colonial treaties that supersede
the current fishing ban (Olney and Watkins, 2009). As early as 1607, American shad served
as an important source of food for colonial settlers as evidenced by otoliths in archaeological
excavations of pits and middens at Jamestown (Bowen and Andrews, 2000). American shad
also represent a valuable annual source of marine derived nutrients to riverine ecosystems
(MacAvoy et al., 1998).
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American shad stocks are generally managed on a river specific basis (ASMFC, 2007).
This management strategy is based on evidence that American shad show a high degree of
spawning site fidelity, returning to their natal rivers to spawn. Melvin et al. (1986) estimated
from mark recapture data in the Annapolis River, Nova Scotia, that 97% of adult returns
were from the Annapolis, reinforcing the hypothesis that returning American shad home to
their natal rivers. More recent studies using otolith stable isotope signatures to estimate
stock identification of shad on the spawning grounds found that in York River, Virginia,
94% of adults were from the York, whereas 6% were strays from other rivers (Walther et al.,
2008).
American shad homing behavior creates reproductive isolation among river systems, lead-
ing to detectable genetic differentiation (Epifanio et al., 1995; Brown et al., 1996, 1999; Wa-
ters et al., 2000; Hasselman, 2010; Hasselman et al., 2010). The earliest genetic studies of
American shad population structure in Chesapeake Bay and along the Atlantic coast used
mitochondrial DNA (Epifanio et al., 1995; Brown et al., 1996, 1999). Epifanio et al. (1995)
analyzed shad from seventeen different rivers and concluded that although shad cannot be
individually allocated to their natal river with a high degree of confidence, there was suf-
ficient variation to reasonably determine stock proportions in mixed stock fishery samples.
Waters et al. (2000) using microsatellites found that differentiation between the James and
Pamunkey Rivers was significant albeit subtle, suggesting population structure among other
Chesapeake Bay Rivers may exist. More recently, Hasselman (2010) documented stronger
differentiation among Canadian versus U.S. American shad populations, and hypothesized
this may be due at least in part to the extensive supplementation of U.S. populations versus
no stocking in the Canadian portion of their range.
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1.2 The role of supplementation in American shad restoration
States have implemented regulations intended to help American shad recover including
fishing moratoriums within rivers and bays, dam removals, and construction or modifica-
tion of fishways and lifts to improve passage. The largest component of most American shad
restoration programs, however, is hatchery-based supplementation to restore extirpated runs
and/or rebuild depleted stocks. Fish hatcheries can be broadly categorized as either “seg-
regated,” or “integrated” hatcheries based on their management objectives. A segregated
hatchery program is not intended to contribute to natural reproduction, but rather to create
a population that is reproductively isolated from the wild population for the purpose of pro-
viding commercial and sport-fishing opportunities, research, or some other function (HSRG,
2009). In contrast, integrated hatchery programs are intended to increase the abundance of
natural populations by releasing hatchery fish into the wild with the intent that they will
reproduce with the native population (HSRG, 2009). This latter type of hatchery program
is characteristic of restoration programs for American shad in Chesapeake Bay.
Evidence is accumulating that hatcheries, whether of the integrated or segregated vari-
ety, may have negative genetic consequences for natural populations. Though a majority of
the research in this area has been focused on anadromous Pacific salmonids (Utter, 1998;
Fraser, 2008; Araki et al., 2009), the genetic concerns for American shad and other anadro-
mous alosines are nearly identical. Fish raised in a hatchery experience reduced mortality,
and different selective pressures relative to fish spawned in the natural environment (Utter,
1998). This “domestication selection” may be more severe in hatcheries that maintain cap-
tive broodstock over several generations versus hatcheries that raise fish only through the
larval stage (Lynch, 1995; Waples, 1999; Fraser, 2008). Regardless of the extent of the culture
period, however, a successful hatchery will always result in some genetic change within the
hatchery population versus the natural wild spawning population (Waples, 1999). There-
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fore, given the inevitable genetic changes in hatchery fish, the challenge for management
is to determine how these genetic changes will influence the genetic composition of stocked
populations.
In segregated hatcheries, managers are primarily concerned with the undesired straying of
hatchery fish into wild populations, where less fit hatchery fish may interbreed with the wild
population, reducing its fitness (Utter, 1998; Waples, 1999; Fraser, 2008; Araki et al., 2009).
Whether straying will negatively impact the natural population is dependent on the number
of strays relative to the natural spawners, and reproductive success of the hatchery fish. For
example, even if a hypothetical hatchery population is less fit than a wild population, if the
levels of straying of hatchery fish are low and the natural fish greatly outnumber the hatchery
strays, the impact of hatchery fish will probably be negligible (Waples, 1999). Another
potential impact of segregated hatcheries is the presence of hatchery fish in mixed stock
fisheries, which can lead to over-harvest of depressed wild stocks by creating the illusion that
population abundance of all stocks have increased. This is especially a problem for American
shad in offshore fisheries (either directed fisheries or through bycatch) that intercept shad
from multiple stocks. For example, Brown et al. (1999) determined that mixed stock fisheries
for American shad on the Virginia coast harvested shad from populations under restoration
in some years, such as the Susquehanna River American shad population.
In an integrated hatchery program, genetic mixing of wild and hatchery fish is expected
as a consequence of the direct stocking of hatchery fish into the wild population. Recent
empirical data based on steelhead salmon Oncorhynchus mykiss strongly suggest that hatch-
ery fish are less fit than wild fish, and that there is a carry-over effect of reduced fitness to
the progeny of hatchery fish (Araki et al., 2007, 2009). Another genetic concern for wild
populations, is that populations that have been isolated over long periods may have de-
veloped co-adapted gene complexes, that are interrupted when populations are artificially
mixed with an extra-basin hatchery stock (Lynch, 1995). Genetic diversity may decrease in
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natural populations if they are replaced by less variable hatchery cohorts as supplementa-
tion progresses. Reduced genetic diversity also can be caused by reproductive variance in
the hatchery due to the artificial rearing conditions, or due to the number and/or ratio of
male to female broodstock used (Brown et al., 2000).
1.3 The current state of American shad in Chesapeake Bay
Millions of American shad larvae have been stocked in Chesapeake Bay tributaries since
the 1980s (Hendricks, 2003), yet very few stocks show any persistent signs of recovery
(ASMFC, 2007), and the impacts of this extensive supplementation on levels of genetic
diversity and population structure are unknown. The recent declines in abundance of popu-
lations such as the Susquehanna and James Rivers, despite positive signs of recovery in the
form of large returns of hatchery fish in the earlier years of supplementation (ASMFC, 2007),
suggest that the genetic effects of hatcheries on shad populations should be investigated as
a potential contributor to recent population declines.
In Chesapeake Bay, large declines in Virginia’s riverine fisheries through the 1980s and
early 1990s prompted Virginia to initiate a fishing moratorium for American shad in 1994
(ASMFC, 1999, Figure 1.1). With the closure of the in-river fisheries, fishing pressure shifted
to coastal mixed stock fisheries near the mouth of Chesapeake Bay that harvested shad from
multiple stocks as they migrated to their natal tributaries (Brown et al., 1999). These
mixed-stock fisheries were gradually phased out, starting in 2000, and were officially closed
in December 2004 (ASMFC, 2007). Coincident with Virginia’s fishery moratorium, the Vir-
ginia Department of Game and Inland Fisheries (VDGIF) established the American shad
Restoration Program in 1994 for the purpose of restoring shad throughout Virginia. The
shad population of James River was the primary focus at the beginning of the restoration
effort, because of the planned construction of a fishway at Bosher’s Dam that was intended to
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restore access to over 200 km of historic spawning habitat (Weaver et al., 2003). In addition,
the James River population was severely depressed with an estimate of only 1000 spawners
returning to the James River fall-zone in 1992 (Garman and Macko, 1998). Managers hypoth-
esized that annual stocking of larvae above Bosher’s Dam, in conjunction with increased fish
passage, would result in the establishment of American shad imprinted to spawning habitat
upstream of Bosher’s Dam that would then return there to spawn in subsequent years.
Initial efforts in 1992 and 1993 to use James River adults as broodstock proved unsuc-
cessful because of the low number of returning adults. Broodstock collection then shifted to
the Pamunkey River in 1994 (Brown et al., 2000). The Pamunkey was chosen as the best
donor population because it supported the strongest extant stock in Virginia at the time, and
had been shown in earlier genetic studies to be the most similar to James (Epifanio et al.,
1995). Since 1994, millions of hatchery-reared larvae obtained from Pamunkey have been
stocked annually into James River above Bosher’s Dam (x¯ = 6, 016, 969 , SD= 2, 244, 027
million fry per year from 1994-2009; Brown et al., 2000, Olney et al., 2003). In addition, a
portion of the larvae are stocked into Pamunkey River to compensate for the removal of the
broodstock. Before these larvae are released, they are immersed in oxytetracycline (OTC) at
the hatchery, which marks the otoliths, enabling managers to assign shad unambiguously as
hatchery-derived or the progeny of wild spawning. American shad return to spawn beginning
at age three, but the most frequent age classes in James and Pamunkey River catches are
ages four, five, and six (Maki et al., 2001; Tuckey and Olney, 2010). VDGIF takes yearly
samples of returning adult American shad at the base of the fall zone and at the base of
Bosher’s Dam for analysis of OTC percentages. The first hatchery fish appeared in James
River in 1997, reflecting returns from the first large release of larvae into the James in 1994.
The VDGIF monitoring data show an overall high hatchery prevalence from 1998-2002, af-
ter which hatchery prevalence declined somewhat through 2006, indicating an increase in
natural reproduction. Ideally, managers would like to see natural reproduction increase and
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hatchery percentages continue to go down. Instead, hatchery prevalence has stayed around
60% in recent years.
1.4 Thesis overview
American shad restoration programs would benefit from a more clear understanding of
American shad population structure in Chesapeake Bay. For instance, levels of pre- and
post-supplementation neutral genetic diversity in Chesapeake Bay are unknown, though
knowledge of genetic diversity among stocks may provide insight into whether hatcheries
have preserved or decreased diversity in supplemented populations. Although restoring the
ecological role of American shad is a central objective of restoration, managers also hope
to eventually re-open fisheries. Many of these Chesapeake Bay shad fisheries would exist in
the form of pound-nets or gill-nets, which can harvest shad from multiple stocks simultane-
ously as they home to their natal river. Therefore, a knowledge of current stock structure,
and whether it is sufficient to support mixed stock analyses, is vital for American shad
management.
This dissertation represents the most recent contribution to over fifteen years of genetic
investigations of American shad in Chesapeake Bay. The previous studies have followed a
logical path of assessing baseline levels of population differentiation in Chesapeake Bay trib-
utaries using mtDNA (Epifanio et al., 1995), assessing the utility of mixed stock analyses
for Chesapeake Bay fisheries using mtDNA (Brown et al., 1999), investigation of genetic
diversity and population structure of pre-supplementation James and Pamunkey River using
microsatellites (Waters et al., 2000), and investigating whether hatchery practices preserve
levels of genetic diversity through the point of stocking based on microsatellite data (Brown
et al., 2000). The current study builds upon these investigations, and addresses new ques-
tions.
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Chapter two investigates levels of microsatellite genetic diversity and population struc-
ture of American shad in the pre- and post-supplementation James and Pamunkey River
populations throughout the period 1992-2009. These samples enable a rigorous temporal
analysis of multiple population genetic characteristics as supplementation progresses. In ad-
dition to James and Pamunkey samples, we also characterize pre- and post-supplementation
samples from other major Chesapeake Bay populations including the Potomac, Nanticoke,
Rappahannock, Susquehanna, and Patuxent to assess Bay-wide levels of American shad
population structure before and after initiation of intensive restoration efforts. The results
of this chapter build upon previous research by examining genetic diversity and population
structure over a longer time series for all major Chesapeake Bay Rivers, providing estimates
of effective population, and evaluating the utility of mixed stock analysis for identifying the
origin of untagged recruits returning to James River.
Chapter three focuses on the results of a radio-telemetry study designed to estimate
the efficiency of American shad passage at Bosher’s Dam fishway in James River, and to
provide additional information on the migratory movements of American shad on the primary
spawning grounds. This study is relevant because American shad have not been increasing
in abundance in recent years, and it is therefore necessary to investigate whether the root
causes of declines such as construction of dams, have been adequately addressed, or are still
impeding American shad recovery.
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Figure 1.1: Riverine and coastal (mixed stock) harvests of American shad from the Chesa-
peake Bay region of the mid-Atlantic coast during 1950 until imposition of a
Bay-wide fishing moratorium in 1994. During 1975-1994, all river harvests in
Chesapeake Bay were from Virginia, and coastal harvests were from both Vir-
ginia and Maryland.
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CHAPTER II
Population genetic effect of supplementation on James
River American shad Alosa sapidissima
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2.1 Introduction
The American shad, Alosa sapidissima, is an anadromous alosine clupeid whose native
range extends from the St Johns River, Florida, to the Saint Lawrence River, Quebec (Leim,
1924). In 1871, American shad were successfully introduced to the Sacramento River, CA,
and were subsequently detected northward in the Columbia River in 1876 (Petersen et al.,
2003). They have since expanded farther northward to Alaska and west to the Kamchatka
Peninsula, Russia (Moyle, 2002). This success on the West Coast is ironic where shad are
an invasive species, while shad populations within their native range are currently at their
lowest levels in recorded history (ASMFC, 2007; Limburg and Waldman, 2009).
Hatchery-based supplementation of American shad is an accepted management tool for
re-establishing extirpated runs and to augment natural reproduction in depressed popula-
tions (Hendricks, 2003). The success of supplementation is gauged by tracking the propor-
tion of hatchery versus wild fish over time based on screening returning recruits for otolith
oxytetracycline (OTC) marks created in the hatchery. Supplementation to augment natural
reproduction is considered successful if the population size increases over time accompa-
nied by a simultaneous decrease in the proportion of hatchery fish, eventually leading to
a self-sustaining population and phasing out of stocking (Fraser, 2008). However, tradi-
tional monitoring data used in these programs such as OTC tags do not provide insight into
other population processes that may be impacted through supplementation such as levels of
genetic diversity, inbreeding, and population structure (Utter, 1998; Fraser, 2008; Schwartz
et al., 2006). In contrast to OTC, molecular genetic markers are useful tools for investigating
these population genetic processes and provide results for tagged and untagged specimens
(Schwartz et al., 2006). Although there is a large body of research documenting the genetic
impacts of supplementation on Pacific salmonids (see Fraser 2008), data for American shad
are lacking. Therefore, an investigation of the effects of supplementation on American shad
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populations from a genetic perspective would be timely and warranted given the continued
and increasing use of extra-basin supplementation as a restoration tool (ASMFC, 2007).
Chesapeake Bay and it’s tributaries historically supported one of the largest American
shad fisheries in North America. For example, in 1908, Virginia harvested 3,311 metric tons
of shad comprising one fourth of the entire U.S. shad catch that year (Loesch and Atran,
1994). However, American shad have undergone precipitous declines range-wide evident as
early as the late 1800s, and are attributed to over-fishing, dam construction, and pollution
(ASMFC, 2007). American shad in Virginia’s portion of Chesapeake Bay have been under
a complete Bay-wide and in-river fishing moratorium since 1994 (ASMFC, 1999; Olney and
Watkins, 2009). Virginia and Maryland have initiated large-scale supplementation programs
to restore extirpated runs and boost remnant populations (Hendricks, 2003). Although
some of these restoration programs considered genetic relationships among rivers in their
design and implementation (e.g., stocking of James River with Pamunkey River fry, Brown
et al., 2000), most have forged ahead without consideration of the genetic associations of
the source and recipient populations. With the exception of Potomac River, all of these
supplementation programs rely on introduction of larvae raised from broodstock collected
from a different river. For instance, since the early 1980s, Susquehanna River has received
larvae derived from broodstcock collected from Hudson River (New York), Columbia River
(Oregon), Pamunkey River (Virginia), and Delaware River (Delaware). The Rappahannock
population has been stocked with Potomac River larvae beginning in 2003, and the James
River population has been stocked with Pamunkey River larvae since 1994. Furthermore,
the Nanticoke has been stocked with either Nanticoke, Susquehanna, or Delaware River
larval or juvenile shad intermittently since 1995, and Patuxent has also received intermittent
larval and juvenile stockings from the Connecticut, Susquehanna, and Potomac River since
1992 (M.Hendricks, personal communication). These stock transfers may have homogenized
population structure that once was detectable within Chesapeake Bay (Epifanio et al., 1995;
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Waters et al., 2000).
Aside from the Susquehanna, the most intensively supplemented American shad pop-
ulation in Chesapeake Bay is James River. Since 1994, millions of hatchery-reared larvae
obtained from Pamunkey have been stocked annually into James River above Bosher’s Dam
(x¯= 6,016,969, SD=2,244,027 million fry per year from 1994-2009). To monitor success, the
Virginia Department of Game and Inland Fisheries (VDGIF) has collected yearly samples
of American shad from the James River spawning grounds for analysis of OTC percent-
ages since stocking began. The first hatchery recruit detected in James River was in 1997,
coincident with the first large release of larvae into the James in 1994. The VDGIF moni-
toring data show an overall high hatchery prevalence from 1998-2002, after which hatchery
prevalence declined somewhat through 2006, implicating an increase in natural reproduction
(Figure 2.1). However, although the presence of un-tagged recruits in the contemporary
James River population indicates the occurrence of natural reproduction, attributing them
all to the hatchery parentage is problematic as wild fish (remnant James River shad) also
could be the founders of some or all of the untagged recruits. Assuming significant popu-
lation structure among Chesapeake Bay Rivers and appreciable population differentiation
between James and Pamunkey, molecular genetic data could be used in mixed stock analyses
(MSA) to identify the contribution of different stocks (remnant and extra-basin) to returning
James River shad.
The main goal in this study was to determine what impact the American shad Restora-
tion Program has had on the remnant James River population in terms of genetic diversity
and population composition by assaying genetic variation at microsatellite loci. A secondary
goal was to compare the genetic effects of supplementation in James River with population
structure of other major Chesapeake Bay Rivers, some of which have been heavily supple-
mented, and some which have not. Samples collected from the 1990s (pre-supplementation)
and contemporary samples from 2007-2009 (post-supplementation) were characterized to pro-
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vide insight into whether extensive supplementation since the 1990’s has changed population
structure in Chesapeake Bay. The results are applicable to American shad conservation and
management by providing detailed information about stock structure, estimates of effective
population sizes, and an OTC-independent assessment of the effects of supplementation.
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2.2 Methods
Sample collection - Samples were assigned a priori to populations by capture location
(Table 2.1). Throughout the rest of the manuscript, we occasionally refer to rivers also by
their first three letters and corresponding year of collection, i.e., ‘Jam93’ for James 1993,
‘Pot93’ for Potomac 1993, ‘Pat07’ for Patuxent 2007, etc. Samples collected in Pamunkey
and James Rivers between 1992-1996 were considered ‘pre-supplementation’ samples, de-
fined as samples collected prior to the first detection of Pamunkey River origin adults from
supplementation in James River in 1997. Other Chesapeake Bay tributary samples collected
in 1992-1993 were also considered pre-supplementation. This pre-supplementation classifica-
tion for Susquehanna River is technically incorrect, because Susquehanna has an extensive
supplementation history dating to the 1980’s (Pierre, 2003). However, for simplicity we still
referred to Susquehanna 1992 as pre-supplementation for our analyses because it was col-
lected relatively near the start of larval stockings in 1985. ‘Post-supplementation James and
Pamunkey’ samples are those collected within James and Pamunkey after year 2000, and
‘post-supplementation’ Chesapeake Bay river samples are samples from all rivers collected
between 2007-2009. All samples were collected from fish captured on the spawning grounds
within each respective river to maximize the chance of sampling fish originally from that
natal river (Epifanio et al., 1995). However, the James River sample from the Virginia Insti-
tute of Marine Science (VIMS) monitoring program in 2008 was collected 20 km upstream
from the river mouth at VIMS’ staked gill net, used for their American shad monitoring
program (Olney and Watkins, 2009). The purpose of this collection was to evaluate the
genetic composition of shad captured in the lower river with those collected on the primary
spawning grounds, farther upstream in James River. Because no adult pre-supplementation
shad were available from the Potomac River, we analyzed 19 juveniles collected by VDGIF
in 1993.
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Tissues used for DNA extraction were from muscle, fin-clips, or dried scales. Scale
samples were placed in scale envelopes and left to dry at room temperature. Fin clips (1
cm2) or muscle (1 cm3) were placed in tubes of 70% isopropanol, shipped back to the lab, and
stored at room temperature. Some samples analyzed in this study consisted of DNA isolated
previously by Epifanio et al. (1995), Brown et al. (1996), and Brown et al. (2000). These
studies used a modified version of the CTAB protocol (Grewe et al., 1993) for extraction of
DNA from ova or muscle tissue, and stored it at -80◦C.
DNA extraction - Sections of fin clips (0.25 cm2) or muscle tissue (0.25 cm3) were placed
in 96 well plates and digested overnight at 60◦C in 100 µL of cell lysis buffer with 5µL
proteinase K (20 mg/mL). Treatment of scales was similar, except that three to five scales
were placed in 1.5 mL tubes with 400 µL cell lysis buffer, and 20µL proteinase K (20mg/mL)
for digestion. Proteins were precipitated from solution with 0.3 volume 7.5 M ammonium
acetate, and the resulting supernatant containing the DNA was bound to a glass membrane
(E.Z. DNA Plate, Omega Bio-Tek Georgia, Norcross, GA, USA) by addition of buffer with
guanidine thiocyanate. Samples were washed with 80% ethanol, and then eluted into 75µL
of 0.25X TE. Portions of this DNA were diluted 1:10 for subsequent PCR. All extracted
DNA was stored at -80◦C, while diluted DNA for PCR amplification was stored at 4◦C.
Microsatellite loci and genotyping - All American shad samples were genotyped at nine
microsatellite loci: Asa-4, Asa-6, Asa-8, Asa-9 (Waters et al., 2000); AsaB020, AsaD029,
AsaD031, AsaC249, AsaD312 (Julian and Bartron, 2007, Table 2.2). Primer sequences de-
veloped by Waters et al. (2000) were used without modification, whereas primer sequences
for the five loci described by Julian and Bartron (2007) were re-designed using LaserGene
primer building software (DNASTAR, Inc.). AsaC249 and AsaD312 were directly end-
labeled with FAM and HEX reporter dyes respectively. The shorter primer of each primer
pair for the remaining seven loci was modified at the 5′ end to include a universal tail
(′5−CAGTCGGGCGTCATCA−3′) as described by Boutin-Ganache et al. (2001) to incor-
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porate the assigned reporter dye. PCR amplification for these seven loci was performed with
three primers: the tailed primer, the non-tailed primer, and a universal 5′ labeled (FAM,
TET, or HEX) primer having the same sequence as the universal tail. Each PCR reaction
contained 3µL GoTaqR© mastermix (Promega, Inc.), ∼10ng DNA, nuclease free water, 0.5mM
non-tailed primer, 0.5mM universal labeled primer, and 0.05mM tailed primer in a total reac-
tion volume of 6µl (loci AsaC249 and AsaD312 contained 0.5mM labeled primer, and 0.5 mM
unlabeled primer). Amplification was performed in 96-well PTC-100 (MJ Research, Inc.) or
Bio Rad iCyclersR© (Bio Rad, Inc.) thermal cyclers with the following reaction parameters:
initial denaturation at 94◦C for three minutes, followed by 35 cycles of 30s denaturation at
94◦C, annealing for 20s at the appropriate annealing temperature (Table 2.2), and extension
for 20s at 72◦C.
A MegaBACE 1000R© fluorescent genotyper (Amersham Biosciences, Inc.) was used for
capillary electrophoresis of microsatellite alleles. Samples were run in a 96-well format,
with up to four loci from each population pooled per run. Each well contained 0.4µL 1X
diluted fluorescent end-labeled PCR product, 0.25µL MapMarker 400R© molecular size stan-
dard (Bioventures, Inc.), and 8.75µL 0.1% Tween-20 loading solution. Runs were imported
into Fragment ProfilerR© (Amersham Biosciences, Inc.) for allele size calling. Binsets were
developed for each locus based on genotype data from at least four populations to account
for some of the inter-population variation. The resultant binsets were used to score the same
loci in all subsequent population samples to maintain consistency in allele size calls. Data
were exported as text files and formatted for input into the program CONVERT (Glaubitz,
2004) for file conversion between software programs where applicable.
Population genetic analyses - All microsatellite genotypes from each individual collection
were screened in the program MicroChecker to test for evidence of null alleles, scoring errors,
or large allele dropout (Oosterhout et al., 2004). Genotypic linkage disequilibrium and
departures from Hardy-Weinberg Equilibrium (HWE) were tested in Genepop (Raymond
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and Rousset, 1995) using the default Markov-chain parameters. Conformance to HWE was
assessed for each locus, as well as tests over all loci for each population using Fisher’s method.
All statistical tests were evaluated at a significance level of α = 0.05, and in cases where there
were multiple independent statistical tests, we employed a sequential Bonferroni correction
to control for the increased chance of Type-1 error (Rice, 1989).
Observed and expected heterozygosity were calculated in Fstat (Goudet, 2001) using
the unbiased estimator of Nei (1987). The effective number of alleles Ae was calculated
in Genalex (Peakall and Smouse, 2006) and averaged over loci for each population. We
estimated allelic richness in the program HP-Rare, which uses the method of rarefaction
to account for bias in estimates of allelic richness due to unequal sample sizes (Kalinowski,
2005). The minimum number of genes for allelic richness estimates was set to 42. Pamunkey
2004 (n=15), and Potomac 1993 (n=19) were omitted from rarefaction analyses because of
their comparatively small sample sizes. FIS was estimated in Fstat for each locus, and then
averaged over loci.
Effective population size- We estimated the effective population size Ne using the tempo-
ral method (Waples, 1989) in the program NeEstimator (Ovenden et al., 2007). We omitted
Patuxent 2007 because it did not have more than one temporal sample. The temporal method
was not intended for application to species with overlapping generations, therefore these esti-
mates may be biased as described by Waples and Yakota (2007). We attempted to minimize
the effect of overlapping generations by utilizing data for pre- and post-supplementation
samples separated in time by multiple generations so as to maximize the signal in the data
from genetic drift and minimize the noise from sampling different age structures (Waples and
Yakota, 2007). Our choice of generation time was based on age data from scales collected
from shad on the spawning grounds in all Chesapeake Bay tributaries. The most common
age classes present within a year are ages 4, 5, and 6, resulting in a mean generation time
of 5. Using pre-supplementation 1992 and/or 1993 samples, pooled within rivers, and 2007
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and/or 2008 samples from post-restoration, also pooled within rivers, we applied the tempo-
ral method, assuming an average of three generations had passed over the intervening fifteen
year period.
Hierarchical and pair-wise analyses of molecular variance (AMOVA) were performed in
Arlequin ver 3.5 (Excoffier and Lischer, 2010) and used the locus by locus AMOVA option
recommended for datasets including some missing data (Excoffier and Lischer, 2009). We
used the allele by allele versus the genotypic distance matrix for AMOVA, which does not
suppress intra-individual variation and approximates traditional estimates of F -statistics
(Peakall and Smouse, 2006). First, we calculated pair-wise φSTs among all population pairs.
Next, hierarchical AMOVA was applied to different groupings of the populations. For ex-
ample, we analyzed the pre-restoration James versus Pamunkey (φRT), years within James
(1992, 1993; φYR), years within Pamunkey (1992, 1993, 1994, 1996; φYR), fish within years
within rivers (φIY), and finally alleles for particular loci, within individuals (φIT). The same
φ statistics were calculated for the post-supplementation James versus Pamunkey, and the
entire James versus Pamunkey collections. Similar analyses were applied to the Chesapeake
Bay wide populations. Pre-supplementation Chesapeake Bay consisted of pre-restoration
samples from all rivers with the exception of Pat07. Post-supplementation Chesapeake Bay
included Pat07, but omitted samples from James and Pamunkey collected prior to 2007. The
AMOVA analysis of all rivers, used pooled temporal samples within each river, but James
and Pamunkey samples collected between 1996 and 2006 were omitted. Significance of each
hierarchical AMOVA and pair-wise φST was assessed by 10,000 permutations.
A priori assignment of riverine American shad samples by river of capture for analy-
ses of population structure may fail to accurately describe the genetic relationships among
rivers. For example, American shad populations in James and Susquehanna contain mix-
tures of more than one population because of intentional stocking with extra-basin fish, so
treating yearly samples from these rivers as single populations may not be appropriate. We
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used the program STRUCTURE (Pritchard et al., 2000) to complement traditional methods
of population structure analyses (e.g., AMOVA) that require a priori grouping of popula-
tions. STRUCTURE places individuals into clusters in a manner that minimizes linkage
disequilibrium and maximizes Hardy-Weinberg expectations within clusters. The admixture
model and correlated allele frequencies options were selected for STRUCTURE simulations,
because our American shad dataset exhibited low levels of differentiation and was affected
by extensive stocking history. We analyzed the baseline populations (Rappahannock 1992,
1993; Susquehanna 1992; James 1992, 1993; Pamunkey 1992, 1993, 1994, 1996; Potomac
1993; Nanticoke 1993) at K = 1 − 3 clusters to evaluate whether population structure
was detectable among Chesapeake Bay tributaries prior to extensive supplementation of the
James River population. We performed another analysis for these same populations collected
post-supplementation and including Patuxent 2007.
An additional analysis was performed using only the James and Pamunkey populations
because although low levels of population structure among Chesapeake Bay tributaries sug-
gests migration may be high due to natural (straying) and human factors (stocking), OTC
data suggest that there are very few strays present on the spawning grounds in James or
Pamunkey. An overwhelming majority of shad collected in our study from James and Pa-
munkey on the spawning grounds are already known to arise from only these two rivers.
In addition, we hypothesized that we may garner increased sensitivity to detect population
structure between James and Pamunkey if we omitted other populations that were not as
likely to have contributed. All simulations were set to discard the first 100,000 iterations as
burn-in, and run for an additional 200,000 iterations. Traceplots of “alpha,” “likelihood,”
and “Ln P(D)” were visually inspected for convergence of chains. Each run for each number
of clusters was iterated three times to evaluate consistency across runs. We chose the most
biologically sensible clustering solution with the highest posterior probability and lowest
variance following the guidelines in the STRUCTURE manual (Pritchard et al., 2007).
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We used mixed stock analyses (MSA) in the BAYES program (Pella and Masuda, 2001)
to estimate the proportions of different baseline populations present in 2000-2009 mixture
samples of James River American shad. We reasoned that the percentage of shad derived
from Pamunkey River would increase in James River, concurrent with the progression of
the restoration program. To increase the baseline sample sizes, samples within populations
were pooled, resulting in James (1992, 1993), Pamunkey (1992, 1993, 1994, 1996), Nanticoke
(1993), Susquehanna (1992), and Rappahannock (1992, 1993) as potential sources. This
pooling strategy was supported by the lack of significant genetic variation partitioned among
years within rivers (see results below). Because the Potomac 1993 sample size (n = 19) was
too small to reliably characterize genetic variation sufficiently for MSA, it was omitted from
the baseline.
To test the ability of our baseline populations to correctly identify the proportions
of James and/or Pamunkey in mixture samples, we created two new 100 percent James
(n = 200, n = 75) and Pamunkey (n = 200, n = 75) fishery samples. These simulated
100% populations were generated in the program ONCOR (Kalinowski et al., 2007; Ander-
son et al., 2008) using the respective population’s baseline allele frequencies. While these
100% simulations are not realistic of what would be sampled in a real fishery, they are useful
for evaluating the resolving power of the baseline. We chose a sample size of 200 to see
if an overly optimistic sample size resulted in better resolving power than a more realistic
sample size of 75. This first set of simulations was analyzed with all of the baseline popu-
lations. Next, we used the same baseline as potential sources for yearly mixture samples of
James River from year 2000 onward. For later samples of James River, we added additional
baseline populations that were likely contributors. Taking James 2004 as an example, we
included James 2000, and Pamunkey 2000 in addition to the pre-supplementation James and
Pamunkey because fish from these years are likely to be present in the sample from James
2004.
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After the full baseline MSAs, we reduced the potential source baseline populations to
James (1992, 1993) and Pamunkey (1992, 1993, 1994, 1996). The choice of this reduced
baseline was due to the low probability of detecting shad from the other potential source
tributaries in James, and to see if the ability to resolve James and Pamunkey improved with
a more realistic baseline. The same 100% simulation samples and year 2000 and onward
James samples were analyzed as mixtures. All chains for each MSA were run for a minimum
of 20,000 iterations, with 10,000 iterations discarded as burn-in. For prior specification, we
assumed each stock was equally likely to be present in the mixture. Thus for n baseline
populations, each population was assigned 1
n
as a prior stock proportion. Two chains were
run for each stock. Each stock was run with a starting value of 90% of the mixture as
recommended by the manual. The second chain was run with each stock assigned as 60%
of the mixture to see if the choice of different starting values impacted the estimation of
the posterior distribution. The remaining percentage was divided equally among the other
baselines. Therefore, each MSA had 2n chains. Convergence of Markov chains was assessed
by the Gelman and Rubin diagnostic (Gelman and Rubin, 1992) output by BAYES and the
posterior distribution was only interpreted if all chains had shrink factors less than 1.2.
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2.3 Results
Microchecker - MicroChecker suggested the presence of null alleles at least once at each
locus for one or more of the 31 river samples. These occurrences appeared largely random
among populations and loci, with the exception of Pamunkey 2000, 2001, and 2002 each
implicated as having null alleles at Asa-8, AsaB20, and Asa-9. No other samples or loci
shared this pattern, therefore, the prediction of null alleles at these loci and population
samples was not supported by possible PCR or genotyping artifacts. There was no indication
of large allele dropout or systematic scoring error, and all loci were retained for further
analyses.
Hardy-Weinberg Equilibrium - Multi-locus tests of HWE using Fisher’s method indi-
cated ten of 31 populations deviated significantly from Hardy Weinberg proportions after
sequential Bonferroni correction (Table 2.3). Subsequent one-sided U-tests for heterozy-
gote deficiency in Genepop for these same populations were all significant. However, of the
234 tests for conformance of individual loci in each population to HWE, seven remained
significant after sequential Bonferroni correction (Jam08-AsaD249; Jam09-Asa-4; Pam00-
AsaD249; Pam07-AsaD249; Pam08-AsaD031; Pot07-AsaD249, AsaD029). The heterozygote
deficiency at AsaD249 in four of seven samples suggests that null alleles may be present at
this locus despite non-significant results in Microchecker.
Gametic disequilibrium - Only fifteen of 1116 tests for linkage disequilibrium among pairs
of loci within populations remained significant after sequential Bonferroni correction. Two
of the loci pairs were detected more than one time (AsaB020 vs. AsaC249 in Jam08 and
Pam93, P < 0.001, and Asa-4 vs. Asa-9 in Jam06 and Nan07, P < 0.001), suggesting that
linkage disequilibrium was not prevalent within the populations studied. Waters et al. (2000)
also found significant linkage disequilibrium between loci Asa-4 and Asa-9, and attributed
the linkage disequilibrium to null alleles. Brown et al. (2000) found no instances of signifi-
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cant linkage disequilibrium among broodstock collected from Pamunkey River, but did find
numerous instances of linkage disequilibrium among their progeny, which they attributed to
non-random mating.
Genetic diversity - All populations in Chesapeake Bay exhibited relatively high levels
of variation comparable to those found in other studies of Chesapeake Bay American shad
(Waters et al., 2000; Hasselman, 2010). Observed heterozygosity ranged from 0.60 (Pam01)
to 0.82 (Pot93), gene diversities ranged from 0.76 (Sus92) to 0.83 (Jam00), and average
rarefied allelic richness estimates ranged from 8.21 (Pam01) to 9.70 (Pam94 and Jam04,
Table 2.3). The effective number of alleles ranged from 4.66 (Sus92) to 6.53 (Sus07). In James
and Pamunkey, which had the most temporal samples, there was no appreciable change in
diversity with progression of the hatchery program, and contemporary levels of diversity
were similar to pre-restoration levels. Other populations with pre- and post-supplementation
samples also did not show any remarkable changes in diversity measures over time.
Effective population size- Estimates of effective population size (Table 2.4) ranged from
the highest in Pamunkey at 820.2 (273.3, ∞), to the lowest in Susquehanna at 35.4 (25.7,
48.0). Pamunkey, Nanticoke, and Potomac all had confidence intervals that included infinity,
suggesting low precision estimates of Ne in those populations. There was a large difference in
the estimates of effective population size for James (Ne = 121) and Pamunkey (Ne = 820).
Brown et al. (2000) determined the effective number of breeders using data on reproductive
variance from a typical mating scheme used by the VDGIF hatchery program and the formula
of Hill (1979) for the Pamunkey broodstock collected in 1997. This analysis showed that
even though 1415 American shad were used as broodstock, the effective number of breeders
was 166. If that number of breeders is typical for most years of Pamunkey broodstock
collection, that could explain the small Ne estimate for James. In Susquehanna, the small
Ne estimate may be due to genetic drift from reproductive variance in the hatchery, and/or
limited recruitment from among the different sources of fry stocked.
28
Genetic differentiation - Tests of pair-wise differentiation were small and non-significant
among most population comparisons, with most φST values being less than 0.0100 (Table 2.5,
Table 2.6, and Table 2.7). No rivers showed evidence of temporal differentiation with the
exception of Sus92 versus Sus07 (φST = 0.0318, P = 0.0000). Other heavily stocked pop-
ulations such as James and Pamunkey did not exhibit temporal differentiation within or
between rivers, suggesting the James and Pamunkey currently have similar genetic compo-
sitions to their states in the early 1990s. Within James River, the sample of American shad
collected near the river mouth (Jam08V) was not different from Jam08 collected upstream
on the spawning grounds (φST = 0.0031, P = 0.6190), suggesting there is no appreciable
population substructure within the James. The largest level of differentiation among rivers
was between Sus92, and all other samples. The complete differentiation of Sus92 from all
other rivers may be due to its extensive and varied stocking history (Hendricks, 2003; Pierre,
2003). The Nanticoke, Rappahannock, Patuxent, and Potomac exhibited low levels of differ-
entiation and were not significantly different from each other or any other Chesapeake Bay
population with the exception of Sus92.
Results of hierarchical AMOVA for separate James and Pamunkey collections showed
very little differentiation and no significant difference in the amount of genetic variation
partitioned among years relative to the total in James (φYR = 0.002, P = 1.0000) or Pa-
munkey (φYR = 0.001, P = 1.0000), suggesting no temporal genetic change in either river
(Table 2.8). The pre-supplementation James and Pamunkey had marginally significant but
small differentiation (φRT = 0.002, P = 0.0443) partitioned among rivers relative to the total
suggesting the pre-supplementation James and Pamunkey were separate, but very subtly
different populations. In contrast, the hierarchical AMOVA of the post-supplementation
James and Pamunkey showed no detectable differentiation when comparing variance parti-
tioned among rivers relative to the total (φRT = 0.000, P = 0.5562). When we pooled the
entire James and entire Pamunkey as two separate groups, there was no significant differen-
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tiation (φRT = 0.000, P = 0.944).
When AMOVA was performed for all pre-supplementation populations in Chesapeake
Bay, there was evidence of subtle population structure indicating that the Chesapeake
Bay was not one panmictic population (φRT = 0.012, P = 0.0000). However, this subtle
level of differentiation was no longer apparent in contemporary Chesapeake Bay populations
(φRT = 0.001, P = 0.1469). In addition, the level of differentiation between the pre and post-
supplementation Chesapeake Bay was small and non-significant (φRT = 0.000, P = 0.7501).
Finally, when Chesapeake Bay was analyzed as a whole, there was no population differenti-
ation (φRT = 0.000, P = 0.8721).
STRUCTURE Analyses: STRUCTURE analysis of the pre-supplementation populations
largely corroborated the levels of differentiation characterized by AMOVA, and suggested
the presence of two clusters (Table 2.9), with Sus92 comprising a cluster, and the other
Chesapeake Bay tributaries forming another (Figure 2.3). When the James and Pamunkey
only were analyzed, one cluster was the solution with the highest probability and lowest
variance. Subsequent runs for larger number of clusters in James and Pamunkey yielded
barplots divided lengthwise with the number of colors corresponding to the number of clus-
ters chosen for that run (plot not shown), a characteristic of datasets with no detectable
population structure. STRUCTURE analysis of contemporary Chesapeake Bay populations
also suggested one cluster with the highest probability and lowest variance, and continued
runs of K = 2 and K = 3 yielded plots similar to those of James and Pamunkey indicating
no population structure (Figure 2.3).
Mixed stock analyses: Pamunkey simulations at both n = 200 and n = 75 sample
sizes correctly allocated 85% and 88% as Pamunkey respectively, which was a considerable
improvement over random allocation success of 20% for five baseline populations. The largest
proportion of Pamunkey mis-assignments were to Nanticoke and Susquehanna (Table 2.10).
The proportion of James correctly allocated was much less than Pamunkey and closer to
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random expectations at 14% (n = 200) and 19% (n = 75). For James, at n = 200, the largest
proportion of mis-assignments were to the Pamunkey River, whereas at n = 75, most of the
James mixture was determined to be Nanticoke and Rappahannock (Table 2.10). Analyses
of James mixtures against the full baselines with the exception of James 2007 where James
had an estimated contribution of 31%, James was consistently a small contributor (< 20%)
with the lower limits of the credible intervals close to zero (Table 2.11 and Table 2.12).
The estimated contribution of Pamunkey was also variable, ranging 2-68%. In 2004 and
2006, Nanticoke was the second highest contributor after Pamunkey, whereas in 2000, 2002,
and 2008, Rappahannock was the second largest contributor behind Pamunkey. In 2007,
Rappahannock was the primary contributor (Table 2.11 and Table 2.12).
Pamunkey 100% simulations at both n = 200 and n = 75 sample sizes compared to the
reduced James and Pamunkey baseline identified greater than 95% of Pamunkey correctly
versus random allocation success of 50%, in both cases with relatively narrow credible inter-
vals (Table 2.13). The proportion of James correctly allocated at both n = 200 and n = 75
was much less than Pamunkey at 26%, considerably less than the expected random alloca-
tion success of 50%. In addition, credible intervals were much wider for both sample sizes of
James (Table 2.13). When yearly collections of James from 2000 - 2009 were compared to
the reduced James and Pamunkey baseline, Pamunkey was identified as the primary mixture
component in each year (Table 2.14), but credible intervals were extremely wide. While a
small contribution of James was identified in each mixture, the lower bounds of the credible
intervals were always very close to zero, indicating there is little confidence in the proportion
of the mixture identified as James.
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2.4 Discussion
The results of the current study reinforce the conclusion of (Waters et al., 2000) and
(Brown et al., 2000) that pre-supplementation populations of American shad from James
and Pamunkey exhibited subtle genetic differences. However, after examination of samples
collected over a 17 year period from pre- and post-supplementation James and Pamunkey, it
appears that any prior existing differentiation has largely dissipated as a result of this sup-
plementation. In addition, our results are largely congruent with (Epifanio et al., 1995), who
found non-significant genetic differentiation among most Chesapeake Bay shad populations
using mtDNA.
Among the 1990s samples, Susquehanna was the only supplemented population, but by
2007, all rivers had received stockings from various sources (M. Hendricks, personal com-
munication). Contemporary Chesapeake Bay populations show no credible differentiation
among tributaries, suggesting these inter-basin stock transfers are probably responsible for
the homogenization of Chesapeake Bay American shad over the last ∼17 years. It is reason-
able then to ask whether unique populations of shad have been lost due to stocking. Waples
(1991) suggested a population should conform to the following two criteria to be considered
an evolutionary significant unit: (1) long term reproductive isolation so that an ESU rep-
resents a product of unique past evolutionary events that are unlikely to re-evolve, and (2)
ecological or adaptive uniqueness, such that based on our analysis of neutral genetic variation
at microsatellite markers and considering the ESU criteria above, the subtle differentiation
between rivers such as James and Pamunkey suggest James and Pamunkey were not ESU’s.
However, McKay and Latta (2002) caution that neutral markers can be poor predictors of
adaptive genetic differences between populations, and no one has examined QTLs in shad in
an effort to examine inter-population differences. A recent coast-wide assessment of Ameri-
can shad populations from Maine to Canada collected in 2005-2007 (Hasselman, 2010) found
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Chesapeake Bay and the U.S. populations as a whole exhibited subtle differentiation, forming
two large genetic clusters (one of iteroparous populations north of Neuse River NC, and the
other of semelparous populations south of Cape Fear River NC). For comparison, distinct
Canadian populations have not been subject to intensive supplementation. The existence
of distinct riverine populations in Canada in the absence of supplementation may reflect
historical relationships among North American populations. However, Hasselman (2010)
suggested that since populations south of Cape Fear, NC have not been subject to supple-
mentation, a possible explanation for low levels of differentiation may be differences in life
history between iteroparous and semelparous populations.
The history of stocking for the Susquehanna is particularly instructive in regards to the
role of supplementation on population structure. The original Susquehanna shad popula-
tion was nearly extirpated, following a series of dam constructions in the lower 90 river
kilometers during 1904-1931 (Pierre, 2003). Initial efforts at rebuilding the Susquehanna
were accomplished by introducing adult American shad from Hudson River, to the reach
above Conowingo Dam between 1981 to 1987. The number of shad returning to Conowingo
Dam increased steadily after 1986, presumably due to these adult stockings Pierre (2003). In
addition, millions of hatchery-reared larvae were also stocked in the upper reaches of Susque-
hanna (primarily into the tributary Juniata River) starting in 1987. The source broodstock
for these fish were primarily from Delaware, Hudson, Columbia, and Pamunkey Rivers (M.
Hendricks, personal communication). In 1992, 77% of the shad returning to Conowingo Dam
were hatchery derived, based on OTC data. Therefore we would anticipate, based on prior
genetic studies (Epifanio et al., 1995; Brown et al., 1999; Waters et al., 2000), that Susque-
hanna should have not been substantially different from other Chesapeake Bay tributary
shad populations. Pair-wise comparisons of all Chesapeake Bay Rivers with early Susque-
hanna had φST ∼ 0.03. Epifanio et al. (1995) showed, however, that Delaware was not
significantly different from James or Pamunkey, using mtDNA. Waters et al. (2000) showed
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that Hudson was only subtly different from James and Pamunkey, whereas Columbia River,
even though derived from Hudson, was more differentiated, presumably due to a founder
event. We hypothesize that high reproductive variance in the hatchery, reproductive vari-
ance among naturally spawning adults, and/or differential recruitment of small numbers of
stocked shad contributed to genetic drift and subsequent differentiation of the Susquehanna
from other Chesapeake Bay populations. Although the magnitude of the difference was
small, Susquehanna 1992 also had some of the lowest allelic richness and expected heterozy-
gosity estimates among all 1990s Chesapeake Bay rivers. These lower levels of diversity are
consistent with what might be expected from high reproductive variance due to hatchery
effects or drift due to small effective population size (Heggenes et al., 2006; Eldridge and
Killebrew, 2008).
The contemporary Susquehanna was found to be more similar to other extant Chesapeake
Bay populations, and significantly different from its 1990s genetic complement. Hasselman
(2010) also documented contemporary Susquehanna as being similar to other contemporary
Chesapeake Bay samples. We hypothesize this increase in similarity to other Chesapeake
Bay tributaries resulted from a reduction in genetic drift due to greatly enhanced numbers
of natural spawning fish, and increased numbers of shad available as broodstock. After 1992,
the number of shad returning to Conowingo Dam increased dramatically with over 200,000
American shad passing through the Conowingo fishlifts in 2003 (Pierre, 2003). By 2003,
broodstock collection had shifted primarily to returning Susquehanna shad, and Hudson
broodstock only. Eldridge and Killebrew (2008) in a review of supplementation studies found
that in cases where supplementation created allele frequency divergence in the stocked versus
donor population, subsequent increased levels of natural reproduction and an increase in the
number of broodstock used largely reversed these hatchery effects. It is also possible that
straying into Susquehanna since the 1990s has aided in homogenizing the Susquehanna with
the rest of Chesapeake Bay. Population genetic theory predicts that as few as one migrant per
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generation between populations may be sufficient to prevent differentiation (Wang, 2005).
High rates of straying in American shad have been documented, using otolith chemical
signatures in the Pamunkey River (Walther et al., 2008). Put into a genetic context, a
straying rate of 1% in large shad populations could mean hundreds of breeding immigrants
per generation (Waters et al., 2000).
Brown et al. (2000) hypothesized that because James and Pamunkey were genetically
divergent before supplementation, replenishment in James would be detectable in post-
supplementation samples as heterozygote deficiencies (Wahlund effects). Indeed, most sam-
ples that deviated from HWE were from James and Pamunkey, and most were post-restoration
samples collected from 2000 onwards shortly after the first Pamunkey hatchery recruits were
detected in James in 1997. However, when individual loci were examined within each pop-
ulation, there was not universal deviation among most loci as would be expected from a
Wahlund effect or inbreeding, but at most one to three loci that were out of HWE. These
deviations from HWE were more likely caused by null alleles. We identified AsaC249 as
likely having null alleles, but we retained it for analyses because it was highly polymorphic,
and showed significant heterozygote deficits in only four of 31 population collections after
Bonferroni correction. Inclusion of a locus with probable null alleles may have introduced
bias into some of our results. While we don’t know precisely the direction of this bias in our
data, simulation studies provide some guidance as to the potential effects. Carlsson (2008)
showed that null alleles reduce the proportion of correct assignment in assignment tests,
but this impact was generally small, even at loci with very high frequencies of null alleles.
Instead existing population differentiation and the number of loci used are more important
in affecting the accuracy of results (Carlsson, 2008).
Genetic diversity within James, Pamunkey, and all Chesapeake Bay populations was
high by all measures in both pre-supplementation and current samples. High levels of neu-
tral genetic diversity are usually interpreted as indicative of an increased ability to cope
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with stochastic environmental changes (Allendorf et al., 2008), though high levels of neutral
genetic variation may not always be representative of the true adaptive potential (Reed and
Frankham, 2001; McKay and Latta, 2002). The retention of levels of genetic diversity by
the VDGIF hatchery practices were investigated by Brown et al. (2000), who found that
while there was significant reproductive variance in the hatchery, larvae stocked into the
James tended to fully represent the genetic diversity of their parents through the point of
stocking. Data from the current study reinforce this conclusion and imply that diversity
is preserved through the adult stage as well. This result is similar to analyses of genetic
diversity in salmonids subject to supportive breeding programs, where high levels of diver-
sity in the recipient populations persists after years of intensive stocking (Heggenes et al.,
2006; Eldridge and Killebrew, 2008). Heggenes et al. (2006) hypothesized the practice of
using large numbers of fish for broodstock and multiple year classes may act to minimize
reduction of diversity in the hatchery, and these practices are characteristic of the VDGIF
hatchery program (Brown et al., 2000). The levels of diversity we observed were also con-
sistent with those of Hasselman (2010), who used samples of American shad collected from
coastal rivers in 2003-2006, throughout their entire native range, including Chesapeake Bay.
Hasselman (2010) demonstrated that shad populations within the southern U.S. portion of
the range tend to have much higher levels of neutral genetic diversity than their Canadian
counterparts, and hypothesized lower Canadian diversity was due to the relatively recent
stepwise colonization pattern and successive founder events of shad in Canadian rivers fol-
lowing glacial retreat.
Previous studies of James and Pamunkey American shad have found that samples did
not exhibit significant changes in allele frequencies across two years (Epifanio et al., 1995;
Brown et al., 1996, 2000; Waters et al., 2000). Hasselman (2010) also demonstrated tem-
poral stability among Canadian and some U.S. populations over time scales of two to three
years. Significant differences in the distribution of alleles among samples in the current
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study were limited to comparisons of Susquehanna 1992 and all other samples. While the
large sample size and complete differentiation of Susquehanna 1992 from all other samples
suggest it is truly different genetically, the failure to find any significant difference among
other populations could be due to sampling error. Our sample sizes were small (< 50) in
some years. The true level of allelic richness within some populations (e.g., Potomac 1993)
were not adequately represented. Both Banks et al. (2000) and Kalinowski (2004) have
suggested that samples sizes greater than 100 are needed for microsatellite loci to reliably
sample over 90% of the alleles present in a population. Unfortunately, sample sizes could
not have been increased appreciably for some of our pre-supplementation Chesapeake Bay
and James samples, simply because these populations were too depressed. To alleviate this
problem to the extent possible, we pooled populations for analyses where appropriate. While
pooling is a good strategy when sample sizes are small, we recommend that future studies
strive to collect samples of one hundred fish or more to more confidently characterize the
genetic variation within populations, and to maximize the power to detect true population
structure.
AMOVA revealed subtle differentiation among all pre-supplementation rivers. By con-
trast, post-supplementation rivers showed no credible divergence. STRUCTURE largely cor-
roborated the results of the AMOVA, and are also largely consistent with those of Hasselman
(2010) who found no discernible population structure among contemporary (2005) Chesa-
peake Bay tributaries. Hasselman (2010) also showed that contemporary Susquehanna was
not divergent from other Chesapeake Bay populations, even though it was divergent from our
other pre-supplementation populations. Only pre-supplementation Susquehanna exhibited
pair-wise φST of ∼0.03 for all population comparisons, and Latch et al. (2006) have shown
using simulated data sets and simplified models of population structure that STRUCTURE
does not perform well below φST=0.03. Our results with real data confirm this finding.
Currently low levels of relative abundance within all Chesapeake Bay populations we
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examined compared to historic data (ASMFC, 2007), suggest that census sizes in all rivers
were orders of magnitude higher in the late 1800s than at present. It is therefore possible
that Ne was larger than the current estimates in the James and Pamunkey, as well as other
Chesapeake Bay populations. Hauser et al. (2002) demonstrated loss of genetic diversity
and small estimates of effective population size (Ne ∼ 150) in a population of New Zealand
Snapper (Pagrus auratus) subject to more than fifty years of exploitation despite maintaining
census sizes of millions of individuals. While the life histories of American shad and New
Zealand snapper are very different, the more severe declines in abundance of American shad
versus those seen in Hauser et al. (2002) suggest genetic diversity has probably declined in
Chesapeake Bay American shad versus historic levels. Levels of genetic diversity such as
allelic richness are expected to remain relatively invariant to small population sizes, but rare
alleles are likely to be lost (Luikart et al., 1998). Unfortunately, we do not possess American
shad samples collected prior to 1992 to enable a long term comparison of Ne or trends in
genetic diversity, nor do we have accurate estimates of census population size to calculate
Ne/Nc ratios for comparison to other studies.
Despite supplementation and intense management, genetic effective population size esti-
mates for American shad are low, ranging from Ne = 35 for Susquehanna River to Ne = 820
for Pamunkey. A guideline for genetic effective population size commonly invoked in the
crafting of conservation strategies is the “50/500” rule (Franklin, 1980). The 50/500 rule as-
serts that populations with an Ne of less than fifty individuals may be subject to inbreeding
depression in the short term, and an Ne of 500 is required for the long term to avoid the loss
of adaptive genetic variability (Franklin, 1980). Though a genetic effective population size
of fifty does not guarantee that a population will, or will not suffer the effects of inbreeding
depression and loss of genetic variability, these numbers are useful as general indicators of
the genetic health of populations (Allendorf and Luikart, 2007; Traill et al., 2010). Therefore,
in the context of the 50/500 rule, most populations in Chesapeake Bay may be at risk for
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loss of adaptive genetic variability in the long term, and populations such as Susquehanna,
may have an increased risk for loss of genetic variability in the short-term. While there may
be considerable bias in our estimates of Ne due to violation of assumptions of the tempo-
ral method, we feel these estimates are a cause for concern, and continued monitoring of
genetic diversity and Ne should be a primary goal in the management of American shad in
Chesapeake Bay.
For our MSAs of James River samples, we chose the program BAYES because it has been
shown empirically in comparison studies to perform better than its conditional maximum
likelihood (CML) counterparts, and it is better suited to handle datasets with some missing
data (Pella and Masuda, 2001; Koljonen, 2005; Griffiths et al., 2010). CML methods assume
that baseline allele frequencies are complete and known without error, i.e., the researcher
has completely described the variation in each baseline population. While this assumption
may be reasonable for markers with low levels of polymorphism and large sample sizes (∼
100 individuals or more at multiple allozyme loci for each population), microsatellites can
have 30 or more alleles per locus (O’Connell and Wright, 1997). Therefore, small sample
sizes of 50-75 for a baseline using microsatellites may not be representative of all of the
variation in a population, creating a situation where the number of possible genotypes is
higher than the number of individuals in the baselines or mixture (Koljonen, 2005). To help
alleviate this problem, BAYES shrinks observed baseline genotype frequencies of individual
stocks toward grand means to better control genotype relative frequency estimation error
from small baseline sizes (Pella and Masuda, 2001). We knowingly violated the CML as-
sumption of complete baseline sampling, because Potomac and Patuxent were missing from
our baseline, but otolith OTC data suggest that there are very few if any strays from these
rivers present on the James or Pamunkey spawning grounds. Therefore, these populations
were not biologically relevant for assessing the mixture composition of shad collected from
the James or Pamunkey spawning grounds.
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Our 100% simulations indicate that our prospects for correctly identifying the proportion
of shad from James or Pamunkey in a mixture are poor by demonstrating that a 100% sim-
ulation of known origin pre-supplementation James shad were identified as 75% Pamunkey
and 25% James. The problem of poor identification stems from the lack of appreciable differ-
entiation between the James and Pamunkey Rivers due to significant overlap in their allele
frequency and genotype distributions (Smouse and Chevillon, 1998; Koljonen, 2005). One
hundred percent simulations of the pre-supplementation James and Pamunkey showed the
Pamunkey was less sensitive than James to the influence of sample size on MSA when using
the “complete” baseline with multiple Chesapeake populations. This was probably due at
least in part to the much higher pre-supplementation sample size for Pamunkey, resulting in
more complete characterization of Pamunkey’s true genetic profile. Results improved con-
siderably for both James and Pamunkey though when the baseline was reduced to James
and Pamunkey as the only contributors.
We were most successful at identifying James and Pamunkey in a mixture for the pre-
supplementation populations, but even there, the differences were small. The 100% simula-
tions analyzed against the James and Pamunkey baseline indicated that with a sample of 200
Pamunkey shad and a sample of 200 James shad, we could expect 96% Pamunkey and 26%
James to be allocated correctly (61% on average), compared with 50% correct allocation by
random chance. Applying these results to a real mixture sample size of 36 individuals from
James 2000, we could anticipate about nine fish (0.26 ∗ 36 = 9.4) to be correctly allocated.
Despite these shortcomings, application of MSA to James River post-supplementation sam-
ples as mixtures yielded some interesting results. It was obvious that the similarity among
Chesapeake Bay Rivers caused their inclusion in the MSAs to induce noise, by allowing more
potentially incorrect populations for a shad to be assigned to. For example, James 2007,
which was known a priori to contain 65% Pamunkey origin fish based on OTC data, was
identified to have a non-significant contribution from Pamunkey. Clearly this result is in-
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correct. However, with a James and Pamunkey baseline only, the contribution of Pamunkey
was estimated as 97% Pamunkey and 3% James, which is much more realistic, particularly
since the OTC studies only identify the most recent immigrants, not those from previous
generations.
In the end, MSA did not provide high confidence estimates of the proportion of James
or Pamunkey shad in mixed samples. Past studies using mitochondrial DNA for MSA
of Atlantic coast shad populations (Epifanio et al., 1995; Brown et al., 1999) found that
allocation of individual fish to their river of origin would be correct 28% of the time. This
was a considerable improvement over the random allocation of 6.67% among the K = 15
source populations that were drawn from a wide geographic area. Within Chesapeake Bay
however, genetic differentiation among James, Pamunkey, and Rappahannock populations
were all zero with the exception of comparison to Susquehanna (Epifanio et al., 1995), the
same result we have here for the more polymorphic microsatellite DNA. All of the work
to date, including a concurrent microsatellite study by Hasselman (2010), indicates that
distinguishing among Chesapeake tributary American shad populations will henceforth be
problematic.
Because the MSAs were ultimately un-informative, the question remains: what is the
origin of untagged recruits in James River? The most parsimonious hypothesis is that the
rapid increase in the number of hatchery returns through 2002 signaled high recruitment
of hatchery fish, and declining numbers of native James shad. The subsequent (albeit)
brief upsurge of un-tagged returns in 2003-2006 were then due to returns of the progeny of
naturally spawning hatchery fish. Results of hierarchical AMOVA reinforce this hypothesis,
in that post-supplementation James and Pamunkey show no population differentiation as
opposed to very subtle differentiation between the pre-restoration James and Pamunkey.
Therefore, we cautiously hypothesize that the present James River population is largely
Pamunkey derived, and is a result of the hatchery effort.
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Recent studies of Pacific salmon populations using loci under selection, have reported
increased resolution of genetically similar and geographically proximal populations (Beacham
et al., 2001; Miller et al., 2001). These studies characterized genetic variation at genes within
the major histocompatiblity complex (MHC). Miller et al. (2001) reported that while neutral
microsatellites revealed 5% of the genetic variance among sockeye salmon Oncorhynchus
nerka populations in the Fraser River drainage, the variance detected increased to 25%
when using an MHC locus. However, it should be noted that microsatellite markers were still
able to successfully identify significant differentiation between sockeye nursery lakes, some of
which were separated by distances comparable to that between James and Pamunkey Rivers.
We were unable to differentiate Chesapeake Bay rivers in the current study, and straying
rates are higher in shad versus sockeye salmon. Nevertheless, the possibility of increased
resolution for shad populations using loci under selection warrants future investigation.
Considering that many American shad populations are in decline despite extensive sup-
plementation efforts, it could be argued that supplementation does not appear to be par-
ticularly beneficial for the contemporary American shad. Therefore, supplementation with
extra-basin stocks should be avoided and management should instead focus on preservation
of distinct genetic populations of American shad, where they still exist. Taking into account
the cumulative reports from 1994 through the current study, a stronger focus on habitat
improvements would be more beneficial to shad restoration efforts than continued supple-
mentation. The failure of the James to recover is not unique to James and has been observed
in nearly all shad populations along the East Coast (ASMFC, 2007; Limburg and Waldman,
2009), suggesting there may be some common causes. Allendorf and Luikart (2007) warn
that often in stocking programs, too much money and attention is given to supplementa-
tion, which detracts from addressing the real causes for the declines in the first place, such
as habitat degradation. Despite closure of coastal mixed stock fisheries and numerous in-
river fisheries, large numbers of shad are still taken as bycatch in offshore pelagic fisheries
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(ASMFC, 2007). Unless the underlying causes of the decline are identified and addressed,
the long term persistence of shad in James River and throughout its native range will be
threatened.
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Table 2.3: Summary data and population genetic analyses for Ameri-
can shad samples collected from major Chesapeake Bay trib-
utaries. Values in bold are P -values that remained significant
for conformance to HWE after sequential Bonferroni correc-
tion.
River Year N He1 Ho Ae2 Arich3 FIS4 HWE5
James 1992 32 0.82 0.70 5.89 9.43 0.10 0.0013
James 1993 37 0.82 0.75 6.13 9.45 0.05 0.6151
James 2000 38 0.83 0.71 6.09 9.33 0.08 0.0428
James 2002 31 0.81 0.65 5.42 9.35 0.10 0.1298
James 2004 76 0.82 0.70 6.27 9.70 0.07 0.1445
James 2006 34 0.82 0.74 5.82 9.49 0.04 0.0623
James 2007 147 0.82 0.74 6.14 9.39 0.05 0.4964
James 2008 87 0.82 0.74 5.99 9.66 0.09 0.0000
James 2008V 66 0.82 0.72 5.70 9.24 0.12 0.0001
James 2009 83 0.82 0.70 6.24 9.62 0.04 0.0000
Pamunkey 1992 39 0.81 0.79 6.36 9.46 0.01 0.3195
Pamunkey 1993 95 0.82 0.76 6.23 9.54 0.03 0.3019
Pamunkey 1994 91 0.82 0.74 6.08 9.70 0.05 0.4846
Pamunkey 1996 64 0.82 0.77 6.25 9.42 0.02 0.5264
Pamunkey 2000 54 0.81 0.66 6.16 9.44 0.10 0.0000
Pamunkey 2001 32 0.81 0.60 5.45 8.21 0.19 0.0001
Pamunkey 2002 53 0.82 0.66 6.06 9.43 0.13 0.0000
Pamunkey 2004 15 0.81 0.76 5.10 -0.01 0.5070
Pamunkey 2005 30 0.81 0.73 5.64 9.10 0.04 0.0094
Pamunkey 2007 122 0.82 0.67 6.36 9.48 0.10 0.0000
Pamunkey 2008 39 0.80 0.64 5.42 8.86 0.13 0.0000
Rappahannock 1992 36 0.82 0.78 6.33 9.39 -0.03 0.9265
Rappahannock 1993 66 0.80 0.74 5.92 9.22 0.04 0.3654
Rappahannock 2008 25 0.80 0.77 5.49 -0.01 0.2703
Susquehanna 1992 90 0.76 0.70 4.66 8.27 0.04 0.0296
Susquehanna 2007 229 0.82 0.64 6.53 9.57 0.03 0.0570
Nanticoke 1993 57 0.80 0.71 5.79 9.62 0.04 0.0059
Nanticoke 2007 87 0.81 0.74 5.89 9.39 0.01 0.0685
Potomac 1993 19 0.81 0.82 5.27 -0.02 0.0272
Potomac 2007 149 0.82 0.68 6.44 9.43 0.12 0.0000
Patuxent 2007 28 0.78 0.69 5.30 8.89 0.07 0.0803
Total 2051
1 Expected heterozygosity was calculated using the unbiased method of Nei (1987)
2 Ae was calculated in Genalex (Peakall and Smouse, 2006)
3 Rarefied allelic richness estimates (Kalinowski, 2005) standardized to 47 genes
4 FIS averaged over loci (Goudet, 2001)
5 P -value for conformance to HWE over all loci using Fisher’s method (Raymond
and Rousset, 1995)
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Table 2.4: Estimates of effective population size Ne of American shad from different rivers
in Chesapeake Bay using the temporal method (Waples, 1989) in the program
NeEstimator (Ovenden et al., 2007). The assumed number of generations was
based on an estimated mean generation time of five for American shad in Chesa-
peake Bay. If Sample 1 or Sample 2 consisted of more than one sample, the two
years were pooled within that respective sample.
Collection Sample 1 Sample 2 Assumed number of generations Ne 95% CI
Pamunkey 1992, 1993 2007, 2008 3 820.2 (273.3,∞)
Potomac 1993 2007 3 391.3 (76.9,∞)
Nanticoke 1993 2007 3 329.1 (113.3,∞)
Rappahannock 1992, 1993 2008 3 126.4 (52.6, 2237.2)
James 1992, 1993 2007, 2008 3 121.4 (74.6, 216.5)
Susquehanna 1992 2007 3 35.4 (25.7, 48)
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Table 2.8: Results of Heirarchical Analysis of Molecular Variance for collections of Amer-
ican shad in Chesapeake Bay.
Source of variation Sum of squares % of variance (total) Estimated φ statistic P -value
James River
Among years 37.170 0.170 φYR=0.002 1.0000
Among Individuals within years 2062.311 6.649 φIY=0.067 0.0000
Within Individuals 1834.500 93.181 φIR=0.068 0.0000
Pamunkey River
Among years 42.490 0.082 φYR=0.001 1.0000
Among Individuals within years 2299.355 7.305 φIY=0.074 0.0000
Within individuals 2022.500 92.613 φIR=0.073 0.0000
Pre-supplementation James versus Pamunkey
Among James and Pamunkey 5.183 0.157 φRT=0.002 0.0443
Among years within rivers 16.071 0.046 φYR=0.001 0.3045
Among individuals within years 1290.283 3.962 φIY=0.040 0.0000
Within individuals 1212.500 95.835 φIT=0.042 0.0000
Post-supplementation James versus Pamunkey
Among James and Pamunkey 4.367 -0.002 φRT=-0.000 0.5562
Among years within rivers 51.617 0.084 φYR=0.001 0.0901
Among individuals within years 3071.383 8.328 φIY=0.083 0.0000
Within individuals 2644.500 91.590 φIT=0.084 0.0000
All James versus all Pamunkey
Among James and Pamunkey 3.192 -0.034 φRT=-0.000 0.9427
Among years within rivers 79.660 0.124 φYR=0.001 0.0075
Among individuals within years 4361.666 7.001 φIY=0.070 0.0000
Within individuals 3857.000 92.910 φIT=0.071 0.0000
Pre-supplementation Chesapeake Bay
Among Rivers 58.894 1.212 φRT=0.012 0.0171
Among years within rivers 21.627 0.141 φYR=0.001 0.0000
Among individuals within years 2196.033 3.301 φIY=0.033 0.0000
Within individuals 2091.500 95.346 φIT=0.047 0.0000
Post-supplementation Chesapeake Bay
Among Rivers 34.158 0.082 φRT=0.001 0.1469
Among years within rivers 14.439 0.153 φYR=0.002 0.0393
Among individuals within years 3624.049 6.722 φIY=0.067 0.0000
Within individuals 3200.500 93.044 φIT=0.070 0.0000
Pre versus Post-supplementation Chesapeake Bay 1
Among Rivers 6.112 -0.031 φRT=-0.000 0.7501
Among years within rivers 125.298 0.587 φYR=0.006 0.0000
Among individuals within years 5724.356 5.380 φIY=0.054 0.0000
Within individuals 5204.500 94.064 φIT=0.059 0.0000
All Rivers 2
Among Rivers 37.961 -0.116 φRT=-0.001 0.8721
Among years within rivers 97.320 0.659 φYR=0.007 0.0000
Among individuals within years 5820.082 5.398 φIY=0.054 0.0000
Within individuals 5292.000 94.058 φIT=0.059 0.0000
1 Analyses excluded Pat07, and omitted Pamunkey and James samples from 2000-2006.
2 Analysis included Pat07, omitted Pamunkey and James samples from 2000-2006, and pooled tem-
poral samples within rivers. 52
Table 2.9: Estimates of the likelihood of the data given the number of clusters Pr(X|K)
output by STRUCTURE (Pritchard et al., 2000) as ′LnP (D)′ and ′V ar(LnP (D)′
for three datasets evaluated at K = 1 − 3 clusters. Because values were similar
across iterations, we only report the values for the first iteration for each value
of K. The Pre-supplementation dataset included samples from Chesapeake Bay
Rivers before 2000, the James and Pamunkey dataset consisted of all James and
Pamunkey samples over the entire study period, and the Post-supplementation
dataset consists of all samples from Chesapeake Rivers after 2007. Values of K
in boldface are those that we chose as the most biologically reasonable number of
clusters in each dataset based on the recommendations of Pritchard et al. (2007).
Rivers K LnP (D) Var[LnP (D)]
Pre-supplementation 1 -21949 76
2 -21876 673
3 -21921 1108
James and Pamunkey 1 -44044 83
2 -45180 2853
3 -44711 2089
Post-supplementation 1 -34518 82
2 -34999 1453
3 -36199 4173
53
Table 2.10: MSA estimates and associated summary statistics of simulated James and Pa-
munkey River fishery samples compared to the full pre-supplementation baselines
for Chesapeake Bay. One hundred percent of the fishery sample (Simulation) is
created from re-sampling the respective baseline’s allele frequencies. Simulation
is the 100% simulation, Populations are the baselines in the MSA, and Years are
the years of the respective sample years composing that baseline.
Mixture Population Years Mean SD 2.5% Median 97.5%
Pamunkey (n = 200) Pamunkey ’92,’93’,94’,’96 0.8476 0.0621 0.7028 0.8554 0.9448
James ’92,’93 0.0105 0.0091 0.0005 0.0080 0.0344
Nanticoke ’93 0.1200 0.0576 0.0300 0.1123 0.2543
Rappahannock ’92,’93 0.0046 0.0095 0.0000 0.0005 0.0333
Susquehanna ’92 0.0173 0.0255 0.0000 0.0049 0.0890
Pamunkey (n = 75) Pamunkey ’92,’93,’94,’96 0.8812 0.0630 0.7354 0.8909 0.9758
James ’92,’93 0.0151 0.0275 0.0000 0.0024 0.0976
Nanticoke ’93 0.0111 0.0216 0.0000 0.0015 0.0758
Rappahannock ’92,’93 0.0063 0.0136 0.0000 0.0007 0.0465
Susquehanna ’92 0.0863 0.0565 0.0077 0.0764 0.2205
James (n = 200) Pamunkey ’92,’93,’94,’96 0.8061 0.0625 0.6703 0.8115 0.9125
James ’92,’93 0.1366 0.0583 0.0405 0.1269 0.2620
Nanticoke ’93 0.0051 0.0104 0.0000 0.0006 0.0367
Rappahannock ’92,’93 0.0505 0.0321 0.0009 0.0459 0.1249
Susquehanna ’92 0.0046 0.0094 0.0000 0.0006 0.0321
James (n = 75) Pamunkey ’92,’93,’94,’96 0.1095 0.0519 0.0293 0.1026 0.2290
James ’92,’93 0.1935 0.0986 0.0225 0.1868 0.4002
Nanticoke ’93 0.3344 0.1059 0.1385 0.3315 0.5498
Rappahannock ’92,’93 0.3552 0.1094 0.1453 0.3552 0.5699
Susquehanna ’92 0.0075 0.0157 0.0000 0.0009 0.0543
54
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Table 2.13: MSA estimates and associated summary statistics of simulated James and Pa-
munkey River fishery samples compared to the James and Pamunkey pre-
supplementation baselines. One hundred percent of the fishery sample (Sim-
ulation) is created from re-sampling the respective baseline’s allele frequencies.
Simulation is the 100% simulation, Populations are the baselines in the MSA,
and Years are the years of the respective sample years composing that baseline.
Simulation Population Year Mean SD 2.5% Median 97.5%
Pamunkey (n = 200) Pamunkey ’92,’93,’94,’96 0.9843 0.0205 0.9259 0.9924 1.0000
James ’92,’93 0.0157 0.0205 0.0000 0.0076 0.0741
Pamunkey (n = 75) Pamunkey ’92,’93,’94,’96 0.9628 0.0434 0.8434 0.9783 0.9999
James ’92,’93 0.0372 0.0434 0.0001 0.0217 0.1566
James (n = 200) Pamunkey ’92,’93,’94,’96 0.7400 0.1168 0.4844 0.7499 0.9410
James ’92,’93 0.2600 0.1168 0.0590 0.2501 0.5156
James (n = 75) Pamunkey ’92,’93,’94,’96 0.7395 0.1416 0.4465 0.7450 0.9883
James ’92,’93 0.2605 0.1416 0.0117 0.2550 0.5535
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Figure 2.1: Hatchery prevalence in the Virginia Department of Game and Inland Fisheries
(VDGIF) American shad monitoring program. All American shad are captured
at the base of the fall-zone in Richmond, Virginia. VDGIF quantifies harvest as
the number of fish captured in one net set per sampling day, and values presented
are the averages of harvest over the sampling season for each year.
59
Figure 2.2: Map of Chesapeake Bay and major tributaries. Pamunkey River is a tributary
to York River.
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CHAPTER III
Migratory movements of American shad in the James
River fall-zone, Virginia
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3.1 Introduction
The American shad spawning run in James River, Virginia, takes place in the spring from
approximately early March to late May. Historically, these spawning runs of American shad
and other anadromous clupeids (blueback herring A. aestivalis, alewife A. pseudoharengus,
and hickory shad A. mediocris) had profound ecological impacts on the ecosystems of the
James River and all other Chesapeake Bay tributaries, as millions of upstream migrants
provided an annual influx of marine derived nutrients to freshwater systems (Garman, 1992;
MacAvoy et al., 2009). American shad were exploited heavily from the 1800s through the
1980s throughout all major Virginia rivers including the James (Stevenson, 1899; Walburg
and Sykes, 1957). However, the Virginia-wide American shad catch has declined over this
period from a high of 11.5 million pounds in 1897 to less than one million pounds in 1982
(Olney and Watkins, 2009). Concurrent with declining catches have been severe reductions
in American shad relative abundance in James River and all other Chesapeake Bay tribu-
taries due to the combined effects of over-fishing, impediments to upstream migration, and
pollution (Olney et al., 2003; Weaver et al., 2003) prompting the imposition of a fishing
moratorium in 1994 for Virginia’s portion of Chesapeake Bay (ASMFC, 1999). Neverthe-
less, in spite of improvements in water quality, state and federal moratoria on commercial
harvest, and a vigorous supplementation program, American shad recovery in the James
remains moribund (ASMFC, 2007).
One hypothesis for the continued low numbers of American shad in the James is that
extant but undocumented impediments may limit efficient movement of pre-reproductive
American shad through the fall zone and into upper (non-tidal) spawning habitat. Histori-
cally, James River American shad migrated over 400-km upstream, as far west as Covington,
Virginia, but construction of Bosher’s Dam in 1823 restricted spawning to the lower 174 river
kilometers (rkm) until the opening of Bosher’s Dam denil fishway in 1999 (Figure 3.1). In
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addition to Bosher’s Dam, five other fall-zone dams have been breached to allow fish passage,
but whether they still impede upstream migration is unknown (Figure 3.1). Annually, a lim-
ited number of American shad have been observed passing the viewing window in Bosher’s
Dam Fishway (Weaver et al., 2003), but no adult American shad have been collected or
verified from above Bosher’s Dam. Since 1994, millions of oxytetracycline (OTC) tagged
shad larvae derived from broodstock collected from the neighboring Pamunkey River have
been stocked above Bosher’s Dam by the Virginia Department of Game and Inland Fisheries
(VDGIF), with the hope that these individuals will return to spawn in this habitat (Olney
et al., 2003). However, yearly monitoring efforts by VDGIF reveal that only a small pro-
portion of juvenile American shad collected above Bosher’s Dam Fishway are of wild origin,
suggesting natural spawning may still be limited.
Alosine telemetry studies have been used to evaluate movement patterns throughout river
systems and locate spawning grounds (Beasley and Hightower, 2000; Hightower and Sparks,
2003; Acolas et al., 2004; Olney et al., 2006; Aunins and Olney, 2009; Frank et al., 2009),
and assess passage efficiency at fish passage structures (Barry and Kynard, 1986; Moser
et al., 2000; Bailey et al., 2004; Sprankle, 2005); however data collected from these or any
telemetry study are useful only if movements of tagged fish are representative of untagged fish
(Winter, 1996; Frank et al., 2009). One commonly observed migratory behavior reported in
many published radio and acoustic alosine telemetry studies is downstream movement a short
time after tagging (“fallback”), usually assumed to be a response to tagging and handling
stress. However, inconsistencies in the definition of fallback among studies have prevented a
straightforward interpretation of this behavior (Frank et al., 2009). Use of variable capture
methods in these studies (haul seines, hook and line, electrofishing, fishway traps) further
complicates interpretation of post-tagging movements because the level of stress induced
is not likely uniform. Furthermore, the choice of radio or acoustic tags also may have
unanticipated consequences for post-tagging behavior, as signals emitted from acoustic tags
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are within the hearing threshold of American shad (Popper et al., 2004). Finally, many
published studies have based conclusions on small sample sizes, which may not adequately
represent the true migratory behaviors of the target population.
Despite the influence of the capture and tagging process on subsequent movement pat-
terns, downstream movements after tagging may represent natural behavior, having nothing
to do with tagging per se. Frank et al. (2009) captured and released 21 alewives with gastri-
cally implanted radio tags below the spawning grounds in the Ipswich River, Massachusetts.
Based on a diversity of movements both up and downstream after tagging, they concluded
that downstream movements may reflect natural forays. Comparison of levels of cortisol and
glucose as proxies for stress levels in tagged versus un-tagged alewives demonstrated that
stress levels were not significantly different between tagged and untagged fish (Frank et al.,
2009; Smith et al., 2009) .
Location of the release site, in relation to the spawning grounds, is vital for interpretation
of downstream movements. For example, one could reasonably hypothesize that an alosine
tagged within spawning habitat that had already begun spawning prior to capture may
be less inclined to remain on the spawning grounds than a pre-reproductive (or “green”)
fish, tagged farther downstream. In contrast, when alosines are captured and tagged below
the spawning grounds, one may unknowingly tag and release some non-resident individuals,
which may be more likely to leave the system after tagging. Because most telemetry studies
have tagged and released pre-reproductive individuals below the spawning grounds, whether
American shad released on the spawning grounds react the same as shad released farther
downstream remains largely unknown.
To tag fish on the spawning grounds, the primary spawning grounds must be delineated.
Often this information is known anecdotally, but is not reinforced by ichthyoplankton sur-
veys or other scientific data. Aunins and Olney (2009) characterized migratory movements
and identified spawning reaches of American shad in the James River up to the head of tide
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using acoustic telemetry, but did not sample the reach extending upstream to the base of
Bosher’s Dam. Aunins and Olney (2009) collected eggs and yolk-sac larvae at the base of the
fall-zone to 30 rkm downstream, whereas analysis of movement patterns indicated 78% of
tagged shad resided upstream near the base of the fall-zone and potentially farther upstream.
American shad spawning was documented at the base of Bosher’s Dam through collection
of eggs and yolk-sac larvae in the early 1990’s (G.Garman, unpublished data). Subsequent
electrofishing surveys routinely collect adult American shad at the base of Bosher’s Dam,
suggesting continuance of spawning activity in this location. Therefore, the evidence sup-
ports the designation of the region from 30 rkm below the fall-line, upstream to the base
of Bosher’s Dam (Figure 3.1) as the primary spawning grounds of American shad in James
River
The aims of this study are to use radio-telemetry and stationary receivers to evaluate the
movements and migratory behavior of American shad tagged and released on the primary
spawning grounds in James River, and to provide an estimate of passage efficiency of the
tagged cohort through Bosher’s Dam Fishway. Our rationale for tagging shad on the pri-
mary spawning grounds was that we anticipated a greater concentration of fish destined for
Bosher’s Dam at the head of tide, versus tagging shad far below the spawning grounds. We
hypothesized that because numerous American shad are detected at the base of Bosher’s Dam
in annual monitoring efforts that upstream progress to the base of Bosher’s is not restricted
by breached dams within the fall-zone. We also hypothesized that at least some portion of
shad would migrate through the Bosher’s Dam Fishway because some fish will most likely
be of hatchery origin based on previous years of OTC monitoring data. The results of this
study are useful for ongoing restoration efforts for American shad in James River because
they provide information on passage efficiency of shad at Bosher’s Dam Fishway, and make
a unique contribution to existing alosine telemetry studies by describing movements of a
robust number of shad released on the primary spawning grounds.
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3.2 Methods
Study area - The James River watershed drains an area of 26,000 km2 and flows 536
km from the junction of the Jackson and Cowpasture Rivers in Botetourt County, Virginia,
eastward emptying into Chesapeake Bay (Garman and Nielsen, 1992). The fall-zone descends
30 m over 15 km in Richmond and is characterized by extensive rapids and riﬄe and pool
habitat (Garman and Nielsen, 1992). Substrate within the fall-zone consists primarily of
boulder and gravel and is interspersed with numerous small and large islands. Tidal influence
extends approximately 168 km upstream to the head of tide. Saltwater intrusion in the James
River typically extends between rkm 58 and 86, depending on tidal stage, but rarely exceeds
rkm 70, with the exception of periods of severe drought conditions (Bradshaw and Kuo,
1988; Aunins and Olney, 2009).
Six low-head dams, five of which have been notched or naturally breached, exist within the
fall-zone of the James (Virginia Department of Game and Inland Fisheries, 2010, Figure 3.1).
The lowermost dams are the Manchester and Brown’s Island Dams, which both had 30 m
breaches completed in 1989. The next upstream dam is the Bell Isle Dam, which was
naturally breached by storm events in 1989. Two dams are located 6.2 km farther upstream
on both sides of Williams Island. The dam in the southernmost channel of Williams Island
is notched for fish passage. The largest dam within the fall-zone is Bosher’s Dam (272 m
wide by 3 m tall), at which a denil fishway was opened in 1999.
Capture and tagging - Adult American shad were captured by boat electro-fishing at the
base of the James River fall-zone at the head of tide (n = 64), and the base of Bosher’s Dam
(n = 30) over eight tagging events from 2-29 April 2009 (Figure 3.1). Immobilized shad
were dip-netted directly into a 1.25 x 0.7 x 0.7 m rectangular on-board holding tank with
ambient river water. Holding times for individual shad within the tank, prior to tagging, did
not exceed ten minutes. Individual shad were removed from the holding tank and placed
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onto a wet measuring board. Radio tags were coated with glycerin, placed in the esophagus,
and pressed gently into the stomach using a hollow plastic tube fitted over the antenna,
leaving the antenna trailing out of the mouth. A dorsal or caudal fin clip (∼1.0 cm2) was
excised and placed in individual labeled vials of 90% isopropanol for genetic analyses in a
related population genetics study (A.Aunins, unpublished data). During tagging and fin
clip collection, total length (mm) and fork length were recorded. Individuals were then
immediately released within 100 m of the collection site. Spawning condition and sex were
recorded prior to release, though we did not attempt to confirm sex or spawning condition
through expression of gametes to avoid additional tagging and handling stress.
Radio-telemetry monitoring equipment - Radio telemetry equipment (Advanced Teleme-
try Systems, Isanti, MN) included receivers (Model R4520C System 2 coded receivers), and
radio tags (Model F1815, 12 x 36 mm, 7g). Pings per minute (ppm) were set at 55, resulting
in a battery life of approximately 140 days. Continuous records of radio tag detections were
obtained using stationary, land-based receivers installed in weatherproof boxes with external
antennae. Receivers were installed at three locations within the study reach (Figure 3.1):
below the head of tide (“Escapement”), the base of Bosher’s Dam (“Bosher’s”), and above
Bosher’s Dam (“Above Bosher’s”). The Escapement receiver was located 7.9 km down-
stream of the head of tide to detect shad leaving the study area. The Bosher’s receiver was
located 22.5 rkm upstream of the Escapement receiver at the base of Bosher’s Dam, oriented
to detect fish across the full length of the base of Bosher’s Dam, but could not differentiate
retention in the tailrace versus any other area. The Above Bosher’s receiver was located 2
km upstream of Bosher’s Dam to detect tagged shad that migrated successfully through the
fishway. At each site, we performed range tests to ensure tags could be detected across the
full width of the river. The period of receiver deployment was 28 March - 1 July 2009, which
included the period of upstream migration by adult (pre-reproductive) American shad in
this river reach, based on previous studies (Olney and Watkins, 2009). Every three to seven
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days, telemetry receiver batteries were replaced with re-charged units, and detection data
were down-loaded onto a laptop computer.
Data analyses - Residence time was calculated as the time between release and last
detection at the Escapement receiver. Shad that were not detected at Escapement did not
have a residence time calculated and are assumed to have died within the study area. It
was impossible to quantify the time spent on the spawning grounds prior to tagging, so our
residence times are likely shorter than true residence times.
Both temporal and spatial movement plots were generated for all fish to depict migratory
movements. To quantify whether individual shad at the base of Bosher’s Dam receiver were
detected more often during daytime or nighttime, we applied the Rayleigh test (Batschelet,
1981; Smith and Smith, 1997; Zar, 1999) to detection data of these shad using the CircStats
package in R (S-plus original by Ulric Lund and R port by Claudio Agostinelli, 2009).
Analyses were limited to shad that had more than ten detections at a receiver and remained
in the study area or in range of the respective receiver for greater than 24 h, to exclude shad
that emigrated rapidly downstream past the target receiver. Time of day was expressed as
a phase angle ranging from 0◦ at 0000 h to 180◦ at 1200 h and 360◦ at 2400 h (a full period
of 24 h). The null hypothesis for each test was that there was no relationship between time
of day and detection at the base of Bosher’s receiver. We defined the daytime and nighttime
periods for shad at the Bosher’s Dam station based on the average sunrise and sunset times
(Hiscock et al., 2002) over the period of detection at that station. Predicted sunrise and
sunset were obtained from the U.S. Naval Observatory website (U.S. Naval Observatory,
2010). Daylight was considered between 0500 and 1911 hours for the detection period 24
April - 4 June. We adjusted P -values via a sequential Bonferonni procedure to account for
the potential of increased Type-1 error due to multiple independent tests (Rice, 1989).
River discharge data were obtained from USGS site number 02037500 in Richmond to
determine if river flow was sufficient to hinder the upstream progress of migrating shad
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(Katz, 1986). We calculated the 25th and 75th percentile of river flow over the period of
1934 - 2008 at the same station for the duration of the study period. We considered flows
between the 25th and 75th percentiles as normal, above the 75th percentile as high flow, and
below the 25th percentile as low flow (USGS, 2010). Water temperature data were obtained
from USGS site number 02035000 located upstream of Bosher’s Dam to monitor whether
temperature remained within the values reported for American shad spawning during the
study period.
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3.3 Results
Migratory movements- American shad (n = 64) were tagged and released at the head of
tide during 2-27 April 2009. Sixty-three of these fish were eventually detected downstream
at the Escapement receiver and one was never detected. The overall residence time was
0.10 - 22.42 days (x¯ = 3.01, SD = 4.51). The number of days to detection at Escapement
was variable (x¯ = 0.82, SD=0.94, range=0.07-5.56). Forty-five of the 63 shad were detected
at the Escapement receiver within 24 hours after release (Figure 3.2). Fourteen of these
shad that were detected at the Escapement receiver within 24 hours did not exit the study
area, but continued to reside in the system for 1.0-22.4 days (x¯ = 7.8, SD=6.1), whereas
the remaining 31 were never detected again (x¯ = 0.40, SD=0.21). No shad released at the
head of tide were detected upstream at the Bosher’s Dam receiver, although many were
subsequently detected multiple times at Escapement before their emigration.
Thirty American shad were tagged and released at the base of Bosher’s Dam during two
tagging events on 24 April (n = 19), and 29 April 2009 (n = 11). Twelve of these shad
(40%) eventually emigrated downstream and were detected at Escapement, two of which
were detected there within 24 hours after tagging. Residence times for these twelve fish
ranged from 0.6 - 14.5 days (x¯ = 7.2, SD = 4.7). The remaining 18 fish were never detected
downstream at the Escapement receiver and are assumed to have died within the study area.
One fish likely died at the base of Bosher’s Dam, because it was detected continuously at
the Bosher’s receiver for the entire study period. No tagged fish were detected at the Above
Bosher’s receiver, resulting in passage efficiency of zero for tagged shad through Bosher’s
Dam fishway.
Migratory movements in relation to time of day- Eighteen of the thirty shad tagged at
the base of Bosher’s Dam were analyzed for diel preference. Nine of these shad (50%) did not
show a preference for movements and time of day (Table 3.1). The detection data from the
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remaining nine shad showed that seven shad (39%) were associated with movements during
daylight hours, while two shad (11%) showed a preference for night (Table 3.1). Temporal
movement plots and circular dot-plots representative of shad that showed no significant diel
preference, preference for daylight, and preference for night are shown in Figure 3.3 for three
individual shad that were tagged at Bosher’s.
River flow and temperature- River flow exceeded the 75th percentile during several high
flow events throughout the study period (Figure 3.4). However, shad were tagged and
released during some of these high flow periods, and were subsequently detected at Bosher’s
or Escapement indicating flows were not sufficient to prevent the upstream progress of shad,
or to force them downstream out of the study area. The mean water temperature from the
first release until the last detection of any tagged shad was 17.9◦C (SD = 3.5◦C, range =
11.8 - 24.6◦C). Water temperatures during each tagging and release event were variable but
within the ranges reported for American shad spawning activity (Figure 3.4).
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3.4 Discussion
A vast majority of shad tagged at the head of tide were detected at Escapement within
6 days, most of which were never again detected after the first twenty-four hours. The most
probable hypothesis for the fate of these shad is that they continued past Escapement and
exited the James River. The number of shad we observed moving downstream shortly after
tagging (49%) is similar to the 50% observed by Aunins and Olney (2009) where such fish
were documented to have left the James River system. However, it is possible that some
shad tagged in our study continued past Escapement but did not exit the river and spawned
downstream. This conjecture is supported by the suggestion of Aunins and Olney (2009),
that spawning may take place within 30 km downstream of the head of tide, and possibly even
farther. Conversely, it is possible that some individuals did not actually pass Escapement but
instead proceeded back upstream and spawned and died between Escapement and Bosher’s
Dam. Due to the large intervening distances between adjacent receivers, we were unable to
actively track shad to verify this possibility.
The absence of detection at the Bosher’s Dam receiver of any shad tagged at the head
of tide was not expected. The James River has been stocked annually since 1994 with
millions of hatchery-reared American shad larvae from the neighboring Pamunkey River,
90% of which are released above Bosher’s Dam (Brown et al., 2000; Olney et al., 2003).
Managers reasoned that shad stocked above the dam as well as their naturally spawned
progeny would return in subsequent years back to this habitat to spawn via Bosher’s Dam
fishway. There has been an average hatchery prevalence of 71% from 1999-2009 in the region
where we tagged and released our shad. Therefore, we expected that among the 19 shad
that had residence times of greater than 2 days and up (Figure 3.2), roughly 13 would be
hatchery returns and would have continued to Bosher’s Dam and probably passed through
the fishway. Aside from tagging and handling stress, the most reasonable explanation for
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why no shad proceeded upstream to Bosher’s was difficulty in passage through the other
breached dams along the fall-zone, as the passage efficiency at the five dams below Bosher’s
Dam is unknown. In other words, it may be that the number of shad that are detected at
the base of Bosher’s Dam are only a fraction of the number that attempt to reach it.
Another factor that could have accounted for the lack of movement of tagged shad toward
the upstream Bosher’s receiver is a temporal component to the migration of shad to the base
of Bosher’s Dam. It is possible that fish arriving in April tend to spawn in the fall-zone
whereas earlier spawning fish go to the base of Bosher’s Dam. Large numbers of American
shad were present at the base of Bosher’s Dam at the start of our tagging efforts (Alan
Weaver, VDGIF, personal communication), indicating that we had failed to sample the early
spawning fish in March. However, American shad are detected at Bosher’s Dam routinely
from March through June, suggesting that shad proceed continually to the base of Bosher’s
Dam throughout the spawning season. Thus, a strong temporal effect on our results was not
considered likely.
A related explanation for lack of upstream movement could be inadvertent tagging of
fish that began spawning prior to capture. It is likely that shad captured in April at the
base of the fall-zone consist of a mix of spawning, maturing, and post-spawning fish, any
of which could be captured by electrofishing. While we strived to tag gravid females and
large males, based on external appearance, some fish we selected for tagging may have been
spent or partially spent. As stated earlier, one could reasonably hypothesize that a spent
or partially spent fish would be less likely to continue upstream or stay on the spawning
grounds after tagging than a pre-spawning fish, but because of the difficulty in reliably
assessing maturation stage in the field, this possibility remains untested.
Reasons for zero passage of tagged American shad at Bosher’s Dam are speculative.
Of the eighteen shad analyzed for diel preference at the Bosher’s receiver, the number of
days from the first to last detection at the Bosher’s receiver ranged from 1.35-29.03 days
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(x¯ = 5.85, SD = 6.43) suggesting these shad should have had sufficient time to locate the
attraction flow and ascend the fishway. One possibility for zero passage of these shad may be
difficulty locating the attraction flow and entrance to the fishway. Barry and Kynard (1986)
monitored the movements of American shad (n = 18) at the entrances to fish lifts on the
Connecticut River and found a delay of 2-7 days before successful passage. They concluded
that turbulent water from one of the hydroelectric turbines was repelling fish from the lift
entrance, and during high flows fish were attracted to spillage over the dam rather than
the attraction flow of the lift entrance. Although the Connecticut River fish lifts are of a
different design than the Bosher’s Dam denil fishway, turbulent water coming over Bosher’s
Dam is a frequent occurrence during high spring flows, which may overwhelm the attraction
flow, creating a similar phenomenon to that observed for shad in the Connecticut River. In
this particular study, high flow events (greater than the 75th percentile) were observed 45%
of the time, which is evidence that spillage may be a significant factor deterring fishway use.
However, Weaver et al. (2003) showed that American shad passage at Bosher’s was related
to increasing river flow, and peak passage was observed at approximately 230 m3/s, similar
to the flow observed on many days in our study. We conjecture that beyond some flow rate,
shad passage is impeded, rather than aided at Bosher’s Dam. Future telemetry studies of
passage at Bosher’s Dam should strive for more fine-scale resolution of movements below the
dam to assess whether shad can find the attraction flow, and retention time within it once
they do.
Altered migratory behavior, induced by tagging and handling stress, could be implicated
as a cause for the failure of tagged shad to ascend the fishway, or to migrate upstream
after tagging from the base of the fall-zone. Evidence for this hypothesis includes one shad
that apparently died and remained stationary for the remainder of the study period at
the base of Bosher’s Dam shortly after tagging. This outcome has been noted in other
studies of American shad, using a variety of capture and tagging methods (Beasley and
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Hightower, 2000; Bailey et al., 2004). Because we tagged shad on the spawning grounds,
it may be possible that shad were in poorer condition than others that had only recently
entered the river and started the upstream migration (Glebe and Leggett, 1981). Another
possible sign of stress was the rapid downstream movement of many shad after tagging, or
“fallback,” but whether these shad actually left the system could not be determined, given
the placement of our receivers. Many tagged shad were subsequently detected multiple times
at the base of Bosher’s Dam after tagging, some of which showed distinct diel patterns in
movements, and many shad tagged at the head of tide also had detection histories that
indicate they remained in the study area for periods of 1-22 days. Interestingly, the shad
with the longest residence time of 22.4 days was detected at Escapement within hours of
release. The lack of an upstream receiver within 2-3 km to fish tagged and released at the
head of tide, as was used by Frank et al. (2009), prevented our interpretation of post-tagging
movements as “aberrant” or not. For example, Frank et al. (2009) observed some radio-
tagged alewives that made short upstream movements ( 1-2 km) coupled with downstream
movements. Taken in context, these movements suggested active searching behavior as
opposed to rapid downstream movement out of the study area. We were only able to detect
an upstream movement if tagged fish went 22 km upstream to the Bosher’s Dam receiver.
Some tagged shad may have made short upstream excursions coupled with downstream
movements, but we were unable to detect them.
Observations indicate that American shad spawning activity peaks in the afternoon to
late evening hours (Marcy, 1972; Chittenden, 1976). We observed two shad at Bosher’s
Dam that were detected significantly more during dark than light hours, one of which made
distinct nightly trips to the base of Bosher’s Dam (Fish 764.15, Figure 3.3). We infer that
this shad was going to the base of Bosher’s Dam to spawn at night, but it may have been
trying to ascend the fishway. Previous analyses of shad passage through Bosher’s Dam
fishway based on video observation, have shown that passage during dark hours is negligible
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(Weaver et al., 2003). Bailey et al. (2004) noted that among shad tagged in the Savannah
River, movements >0.1 km·day−1 were more frequent during dark hours, and hypothesized
these movements were related to spawning activity. Among the other shad at Bosher’s Dam
that had a significant relationship with light hours, these times were all in the afternoon or
early evening, consistent with late day spawning.
Capture methods for acoustic or radio-tagging of alosines have included haul seines (Ol-
ney et al., 2006; Aunins and Olney, 2009), gillnets (Beasley and Hightower, 2000; Hightower
and Sparks, 2003), poundnets (Hightower and Sparks, 2003), electrofishing (Moser et al.,
2000), traps at fish passage facilities (Acolas et al., 2004; Sprankle, 2005; Frank et al., 2009),
and hook and line (Barry and Kynard, 1986). As indicated by Frank et al. (2009), all of
these studies reported some proportion of fish falling back after tagging, but due to the
ambiguity in how fallback has been defined, an analysis to see whether higher proportions
of fish “fallback” from different capture methods cannot be reliably performed with these
data. Regardless, we think it would be naive to assume a fish dip-netted from a fishway
trap experiences the same level of stress as an angled fish, or one captured by electrofishing
or a gillnet. We used electrofishing in the current study, because it was the best method
to reliably capture fish at the base of the fall-zone and head of tide area. Research on the
physiological impact of electrofishing suggests, however, that it can be extremely stressful.
Blood lactate levels in fish are increased after exposure to electrofishing current, and de-
pending on the duration and strength of the current applied, ambient water temperature,
fish condition, etc., it may take a long or short period of time to recover (Emery, 1984). In
our study, we chose to omit shad that left the study area within 24 hours for analysis of
diel movement patterns, and 24 hours is recommended by Bridger and Booth (2003) as the
time after which data should be interpreted, based on a review of telemetry studies. How-
ever, without controlled experiments comparing stress levels by capture method, whether
this time period is truly appropriate or not remains unknown. It would be useful to know
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if some forms of capture should be categorically avoided or not, and we agree with Frank
et al. (2009) that understanding the physiological and behavioral impacts of tagging on fish
behavior is in need of more research.
American shad within the James River are assumed to be partially semelparous (Leggett
and Carscadden, 1978), though spent carcasses are rarely observed (Garman 1992). Nineteen
percent of the entire tagged cohort was not detected at Escapement. This is similar to the
findings of Aunins and Olney (2009), who documented 17% of the tagged cohort ceasing
detection within the James River, an indication that this approximates the rate of demise of
tagged American shad in James River. Our estimates of the number of shad that died may
be biased downwards since we did not search for tagged shad downstream of Escapement.
In contrast, our results may be biased upwards if any of the tagged shad were illegally taken.
There is an active catch-and-release recreational fishery for American shad at the base of the
fall-zone, in which American shad are often mis-identified by anglers as hickory shad and
harvested (A. Aunins, personal observation).
We hypothesized that by tagging shad at the head of tide, we would encounter more shad
that may be dedicated to proceeding upstream to Bosher’s Dam as opposed to shad collected
farther downstream. However, we encountered unforeseen difficulties in tagging shad on the
spawning grounds. The primary difficulty was the possibility of tagging spent fish. The
Virginia Institute of Marine Science (VIMS) American shad monitoring program deploys
gillnets and begins detecting spent female shad exiting the river typically in late April, though
it is reasonable to assume some post-spawn shad are on the primary spawning grounds prior
to that date. Although a rigorous comparison has not been done, we hypothesize spent fish
may be more likely to abandon the migration after tagging than maturing fish. While the
chance of accidentally tagging spent fish is increased when collecting shad at the head of
tide, by tagging early in the season in the lower river, one can safely assume all shad are
maturing so this concern is avoided.
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Aunins and Olney (2009) hypothesized that if larval survival of American shad remains
low below Bosher’s Dam, the James River stock will remain dependent on hatchery inputs.
This is because survival of juveniles is high above Bosher’s Dam where the larvae from the
supplementation program are stocked and routinely collected in monitoring efforts, whereas
the juvenile index of American shad abundance is zero for most years in the lower river
despite high larval densities (Aunins and Olney, 2009). This suggests habitat may be more
suitable for larvae and juveniles above Bosher’s Dam, though the factors that account for this
difference require more investigation. Our telemetry data suggest access to this upstream
habitat is restricted by the presence of Bosher’s Dam, and that the fishway, while functional,
could be improved to increase passage. Therefore, improving passage through Bosher’s Dam
Fishway would be beneficial for American shad in James River by increasing the probabil-
ity of natural reproduction in more suitable spawning habitat, and helping the James to
become less reliant on hatchery supplementation through increased natural spawning and
recruitment.
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Table 3.1: Summary data from shad (n = 18) tagged at the base of Bosher’s Dam analyzed
for diel preference with the Rayleigh test. n is the total number of detections, r
is the length of the mean vector, µ is the mean angle, P is the probability from
the Rayleigh test, Time is the mean angle converted to time, and D/N denotes
either day (D) or night (N) hours. Asterisks are for Rayleigh test P -values that
remained significant after sequential Bonferroni Correction.
Fish ID n r µ P Time D/N
743.22 68 0.6563 205.87 0.0000* 13:43 D
764.15 319 0.7343 4.00 0.0000* 00:15 N
764.23 63 0.7590 41.80 0.0000* 02:47 N
764.24 195 0.2165 286.09 0.0001* 19:04 D
704.22 227 0.1952 271.19 0.0002* 18:05 D
722.19 40 0.4335 229.37 0.0004* 15:17 D
704.16 297 0.1581 252.28 0.0006* 16:49 D
722.18 363 0.1260 263.74 0.0031* 17:35 D
704.24 351 0.1282 248.85 0.0031* 16:35 D
743.16 944 0.0689 146.70 0.0114 09:47 D
623.17 1184 0.0587 356.56 0.0169 23:46 N
743.15 494 0.0908 244.84 0.0170 16:19 D
722.16 512 0.0883 270.05 0.0185 18:00 D
743.24 451 0.0747 342.81 0.0807 22:51 N
764.21 622 0.0630 257.44 0.0846 17:10 D
623.16 39 0.1627 314.74 0.3582 20:59 N
704.20 1740 0.0088 178.80 0.8751 11:55 D
704.19 577 0.0036 188.69 0.9924 12:35 D
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Figure 3.1: Map of the James River study area and locations of land based telemetry re-
ceivers. Release locations are indicated by the star symbols. The numbers indi-
cate the different dams upstream from the base of the fall line (1=Manchester,
2=Brown’s Island, 3=Bell Isle, 4=Williams Dam South, 5=Williams Dam North,
6=Bosher’s Dam).
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Figure 3.2: Residence times and the number of days until detection downstream for shad
(n = 63) tagged and released from 4 April 4 to 27 April 2009 at the head of tide
in James River, Virginia. Individual shad were sorted by increasing residence
times. The dotted line denotes the first 24 hours after tagging.
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Figure 3.3: Temporal movement patterns (top) and circular dot-plots (bottom) of three se-
lect shad (individuals 743.15(A), 722.19(B), and 764.15(C) from Table 3.1), rep-
resentative of typical movement patterns we observed for shad released at the
base of Bosher’s Dam. The distance between receivers is not to scale, and the
dotplots are for detections at the Bosher’s receiver only. Individual dots on
the circle edges may represent multiple detections, and stacked dots represent
more detections than unstacked dots. Arrows point to the mean direction, and
the magnitude of the arrows increases with the significance of the mean vector
(Table 3.1).
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Figure 3.4: James River flow (y-axis 1) and temperature data (y-axis 2) from USGS gauges
02037500 and 02035000. The total number of fish released by date at Bosher’s
Dam and the base of the fall-zone are indicated as dots on the x-axis.
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Table A.1: Summary genetic data for each American shad sample. N is the sample size,
n is the number of individuals scored at the respective locus, Ae is the effective
number of alleles, HE is expected heterozygosity, HO is observed heterozygosity,
and FIS is the heterozygote deficiency within populations.
Locus Jam92 Jam93 Jam00 Jam02 Jam04 Jam06 Jam07 Jam08 Jam08V
N 32 37 38 31 76 34 147 87 66
Asa4 n 32 36 37 30 73 33 143 86 64
Ae 4.163 2.986 4.907 3.475 3.407 3.063 3.239 4.117 4.777
HO 0.594 0.568 0.711 0.613 0.618 0.647 0.599 0.713 0.682
HE 0.775 0.676 0.808 0.726 0.712 0.684 0.694 0.762 0.798
FIS 0.234 0.137 0.097 0.127 0.096 0.026 0.113 0.054 0.118
Asa-6 n 32 37 38 26 69 33 138 74 66
Ae 4.623 4.889 5.619 5.633 5.153 4.684 5.289 4.398 4.523
HO 0.719 0.757 0.790 0.710 0.711 0.677 0.653 0.575 0.636
HE 0.797 0.807 0.834 0.838 0.812 0.800 0.814 0.779 0.786
FIS 0.099 0.062 0.053 -0.009 0.036 0.129 0.146 0.132 0.190
Asa-8 n 32 37 38 29 64 33 142 80 64
Ae 4.842 5.118 4.416 4.778 4.827 4.011 4.853 4.623 4.974
HO 0.563 0.757 0.684 0.645 0.645 0.735 0.769 0.701 0.697
HE 0.810 0.816 0.785 0.807 0.799 0.762 0.797 0.789 0.806
FIS 0.306 0.073 0.129 0.145 0.042 0.006 0.001 0.033 0.108
Asa-9 n 31 37 38 27 76 32 134 87 66
Ae 3.274 3.636 3.085 3.129 3.166 4.080 3.594 3.702 4.137
HO 0.625 0.703 0.526 0.452 0.697 0.706 0.653 0.655 0.667
HE 0.707 0.735 0.687 0.697 0.689 0.767 0.725 0.735 0.765
FIS 0.087 0.044 0.234 0.256 -0.013 0.022 0.011 0.108 0.128
AsaB020 n 31 35 36 27 68 33 143 86 65
Ae 6.006 4.554 5.355 3.609 6.339 5.211 4.975 5.434 5.686
HO 0.813 0.676 0.790 0.581 0.697 0.853 0.762 0.828 0.788
HE 0.847 0.793 0.825 0.738 0.849 0.820 0.802 0.821 0.831
FIS 0.010 0.099 -0.011 0.097 0.082 -0.072 0.023 -0.020 0.037
AsaD029 n 31 35 33 27 69 32 145 86 61
Ae 5.703 5.889 6.406 4.392 6.451 5.851 6.776 5.313 5.136
HO 0.625 0.784 0.684 0.677 0.632 0.824 0.796 0.793 0.742
HE 0.841 0.842 0.858 0.787 0.852 0.842 0.856 0.817 0.812
FIS 0.233 0.016 0.082 0.012 0.184 -0.040 0.057 0.018 0.011
AsaD031 n 27 36 34 30 71 34 141 81 63
Ae 5.028 6.099 6.701 6.818 6.073 5.695 6.452 5.558 5.832
HO 0.781 0.811 0.632 0.774 0.750 0.735 0.762 0.805 0.697
HE 0.814 0.848 0.866 0.869 0.842 0.838 0.848 0.825 0.836
FIS -0.137 0.017 0.185 0.079 0.046 0.123 0.064 -0.048 0.127
AsaC249 n 26 33 34 28 66 32 146 86 61
Ae 8.145 12.590 9.838 8.960 12.446 11.315 11.213 12.451 9.098
HO 0.719 0.811 0.842 0.807 0.763 0.765 0.857 0.874 0.758
HE 0.895 0.935 0.911 0.905 0.927 0.928 0.914 0.925 0.898
FIS 0.011 0.028 -0.033 0.013 0.052 0.124 0.056 0.045 0.087
AsaD312 n 31 34 32 27 72 29 141 68 64
Ae 11.240 9.437 8.498 8.011 8.519 8.495 8.907 8.317 7.161
HO 0.844 0.892 0.763 0.613 0.790 0.706 0.850 0.678 0.803
HE 0.927 0.906 0.896 0.895 0.889 0.899 0.891 0.886 0.867
FIS 0.060 -0.071 -0.011 0.214 0.063 0.079 0.005 0.021 0.045
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Table A.2: Table A.1 continued. Summary genetic data for each American shad sample. N
is the sample size, n is the number of individuals scored at the respective locus, Ae
is the effective number of alleles, HE is expected heterozygosity, HO is observed
heterozygosity, and FIS is the heterozygote deficiency within populations.
Locus Jam09 Nan93 Nan07 Pam92 Pam93 Pam94 Pam96 Pam00 Pam01
N 83 57 87 39 95 91 64 54 32
Asa4 n 83 56 83 34 85 91 56 51 29
Ae 3.378 2.957 3.843 2.411 4.016 3.485 3.590 2.813 3.461
HO 0.446 0.754 0.759 0.539 0.568 0.736 0.594 0.611 0.500
HE 0.710 0.667 0.744 0.594 0.756 0.717 0.728 0.651 0.727
FIS 0.372 -0.151 -0.069 -0.041 0.160 -0.027 0.068 0.006 0.241
Asa-6 n 79 55 79 37 93 86 61 53 29
Ae 5.684 4.783 4.997 4.285 5.275 5.219 4.491 5.075 4.608
HO 0.615 0.719 0.770 0.744 0.779 0.670 0.734 0.852 0.656
HE 0.830 0.799 0.805 0.777 0.815 0.814 0.784 0.810 0.798
FIS 0.223 0.067 -0.054 -0.009 0.024 0.128 0.017 -0.071 0.093
Asa-8 n 82 54 87 39 95 91 61 54 32
Ae 5.080 4.202 4.485 5.592 4.491 5.324 4.985 4.466 4.376
HO 0.807 0.737 0.701 0.872 0.747 0.769 0.813 0.630 0.500
HE 0.808 0.769 0.782 0.831 0.782 0.817 0.806 0.785 0.788
FIS -0.011 -0.011 0.103 -0.049 0.044 0.058 -0.058 0.198 0.366
Asa-9 n 82 56 86 38 94 88 64 53 31
Ae 4.007 2.984 3.479 3.940 3.365 3.373 3.461 3.781 4.013
HO 0.602 0.597 0.747 0.641 0.663 0.604 0.656 0.611 0.563
HE 0.756 0.671 0.716 0.757 0.707 0.708 0.717 0.744 0.766
FIS 0.193 0.096 -0.055 0.131 0.052 0.117 0.085 0.163 0.242
AsaB020 n 83 55 80 39 90 83 64 49 28
Ae 5.946 4.505 6.390 5.613 5.442 5.172 5.010 5.507 5.124
HO 0.843 0.667 0.770 0.795 0.821 0.714 0.797 0.611 0.531
HE 0.837 0.786 0.849 0.833 0.821 0.812 0.807 0.828 0.823
FIS -0.008 0.121 0.013 0.046 -0.056 0.035 0.012 0.187 0.263
AsaD029 n 73 53 83 39 93 86 61 37 24
Ae 6.035 5.762 5.491 5.511 5.969 6.156 6.150 5.716 5.620
HO 0.675 0.772 0.724 0.872 0.716 0.747 0.859 0.556 0.563
HE 0.841 0.834 0.823 0.829 0.838 0.843 0.844 0.837 0.841
FIS 0.087 0.005 0.078 -0.052 0.127 0.062 -0.068 0.031 0.109
AsaD031 n 77 53 76 39 87 84 61 49 29
Ae 5.773 5.320 4.848 5.481 5.993 6.054 6.592 5.744 4.672
HO 0.639 0.737 0.644 0.769 0.811 0.747 0.703 0.630 0.656
HE 0.833 0.820 0.799 0.829 0.838 0.840 0.856 0.836 0.801
FIS 0.174 0.034 0.078 0.072 -0.057 0.036 0.138 0.170 0.096
AsaC249 n 80 52 83 39 92 87 63 46 29
Ae 12.379 13.938 11.501 14.018 13.072 11.654 11.622 12.982 10.646
HO 0.843 0.825 0.851 0.923 0.905 0.879 0.922 0.667 0.781
HE 0.925 0.938 0.919 0.941 0.929 0.919 0.921 0.935 0.923
FIS 0.054 0.036 0.030 0.019 -0.007 0 -0.017 0.163 0.066
AsaD312 n 81 40 71 38 92 84 61 51 29
Ae 7.843 7.674 7.945 10.388 8.481 8.267 10.307 9.323 6.494
HO 0.868 0.544 0.724 0.949 0.842 0.758 0.844 0.778 0.625
HE 0.878 0.882 0.880 0.915 0.887 0.885 0.911 0.902 0.864
FIS -0.013 0.121 -0.008 -0.064 0.020 0.071 0.028 0.087 0.202
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Table A.3: Table A.2 continued. Summary genetic data for each American shad sample. N
is the sample size, n is the number of individuals scored at the respective locus, Ae
is the effective number of alleles, HE is expected heterozygosity, HO is observed
heterozygosity, and FIS is the heterozygote deficiency within populations.
Locus Pam02 Pam04 Pam05 Pam07 Pam08 Pat07 Pot93 Pot07 Rapp92
N 53 15 30 122 39 28 19 149 36
Asa4 n 52 15 29 110 38 28 19 146 34
Ae 3.304 4.245 3.279 3.760 3.212 2.465 3.945 3.302 3.099
HO 0.642 0.733 0.633 0.607 0.667 0.536 0.842 0.664 0.694
HE 0.705 0.793 0.708 0.738 0.698 0.606 0.765 0.700 0.687
FIS 0.072 0.075 0.075 0.088 0.020 0.117 -0.101 0.031 -0.071
Asa-6 n 52 11 29 120 39 26 19 148 30
Ae 4.890 4.566 4.685 5.193 4.883 4.333 5.870 4.790 5.028
HO 0.679 0.667 0.600 0.664 0.769 0.679 0.895 0.698 0.694
HE 0.804 0.814 0.804 0.811 0.806 0.785 0.851 0.794 0.814
FIS 0.139 -0.117 0.228 0.168 0.046 0.070 -0.052 0.115 -0.023
Asa-8 n 53 14 30 114 35 28 19 145 33
Ae 5.325 4.840 4.072 5.484 4.344 4.962 4.513 5.709 5.613
HO 0.698 0.800 0.700 0.771 0.539 0.679 0.895 0.725 0.778
HE 0.821 0.821 0.768 0.821 0.784 0.815 0.797 0.828 0.834
FIS 0.150 -0.043 0.089 -0.004 0.234 0.168 -0.123 0.100 -0.017
Asa-9 n 53 15 27 111 39 28 19 146 36
Ae 3.721 2.922 3.767 3.581 2.718 3.343 2.684 3.564 3.447
HO 0.566 0.400 0.633 0.623 0.590 0.679 0.895 0.725 0.750
HE 0.740 0.690 0.749 0.724 0.641 0.714 0.646 0.722 0.719
FIS 0.235 0.421 0.061 0.055 0.080 0.050 0.104 0.166 -0.042
AsaB020 n 51 13 26 116 39 23 19 139 35
Ae 5.292 6.259 4.347 5.572 3.915 4.521 5.470 5.223 5.581
HO 0.623 0.867 0.667 0.680 0.667 0.607 0.790 0.685 0.833
HE 0.821 0.869 0.785 0.825 0.755 0.797 0.841 0.812 0.832
FIS 0.212 -0.151 0.021 0.132 0.117 0.073 0.061 0.096 -0.030
AsaD029 n 50 14 29 115 36 26 19 139 36
Ae 5.952 3.564 4.621 5.199 6.201 4.199 4.349 5.930 6.246
HO 0.623 0.867 0.800 0.689 0.641 0.714 0.895 0.624 0.889
HE 0.842 0.739 0.797 0.812 0.853 0.777 0.788 0.835 0.851
FIS 0.216 -0.257 -0.039 0.100 0.186 0.010 -0.135 0.199 -0.044
AsaD031 n 47 15 29 105 38 22 19 129 35
Ae 4.569 4.891 6.050 5.768 6.184 5.438 5.309 5.399 5.632
HO 0.660 0.867 0.900 0.689 0.590 0.571 0.790 0.611 0.861
HE 0.790 0.821 0.848 0.831 0.853 0.838 0.835 0.818 0.834
FIS 0.057 -0.055 -0.098 0.037 0.290 0.132 0.054 0.138 -0.063
AsaC249 n 42 13 26 109 36 27 18 133 33
Ae 12.645 8.450 13.255 14.722 9.969 10.489 10.623 14.753 15.447
HO 0.698 0.800 0.733 0.689 0.667 0.929 0.842 0.738 0.917
HE 0.933 0.917 0.945 0.937 0.915 0.921 0.933 0.936 0.949
FIS 0.055 -0.007 0.104 0.178 0.211 -0.046 0.047 0.117 -0.054
AsaD312 n 49 15 30 102 28 28 13 127 28
Ae 8.876 6.164 6.667 7.982 7.327 8.000 4.694 9.246 6.907
HO 0.793 0.800 0.933 0.623 0.641 0.857 0.579 0.651 0.611
HE 0.897 0.869 0.863 0.880 0.879 0.892 0.817 0.896 0.872
FIS 0.044 0.079 -0.081 0.153 -0.016 0.039 -0.035 0.147 0.099
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Table A.4: Table A.3 continued. Summary genetic data for each American shad sample. N
is the sample size, n is the number of individuals scored at the respective locus, Ae
is the effective number of alleles, HE is expected heterozygosity, HO is observed
heterozygosity, and FIS is the heterozygote deficiency within populations.
Locus Rapp93 Rapp08 Sus92 Sus07
N 66 25 90 229
Asa4 n 61 24 81 223
Ae 3.153 3.236 2.294 3.157
HO 0.500 0.720 0.433 0.616
HE 0.690 0.705 0.568 0.685
FIS 0.216 -0.064 0.152 0.077
Asa-6 n 65 22 90 221
Ae 4.331 4.172 3.351 4.911
HO 0.682 0.600 0.744 0.734
HE 0.776 0.780 0.705 0.798
FIS 0.108 0.126 -0.055 0.048
Asa-8 n 66 25 86 212
Ae 3.884 5.435 4.135 5.026
HO 0.682 0.840 0.667 0.742
HE 0.749 0.833 0.763 0.803
FIS 0.089 -0.009 0.086 0.001
Asa-9 n 66 25 87 214
Ae 3.189 3.943 3.960 4.045
HO 0.682 0.880 0.678 0.725
HE 0.692 0.759 0.752 0.755
FIS 0.014 -0.159 0.068 -0.028
AsaB020 n 58 24 82 210
Ae 6.341 5.284 3.998 6.041
HO 0.742 0.800 0.633 0.725
HE 0.850 0.828 0.755 0.837
FIS 0.006 -0.007 0.079 0.055
AsaD029 n 64 24 90 215
Ae 5.902 2.939 5.179 5.239
HO 0.818 0.600 0.789 0.742
HE 0.837 0.675 0.812 0.811
FIS -0.008 0.074 0.028 0.025
AsaD031 n 63 21 86 206
Ae 4.921 5.513 6.519 5.773
HO 0.788 0.680 0.778 0.699
HE 0.803 0.839 0.852 0.829
FIS -0.028 0.035 0.044 0.063
AsaC249 n 63 24 88 224
Ae 13.274 10.766 8.105 15.744
HO 0.833 0.920 0.856 0.895
HE 0.933 0.926 0.882 0.939
FIS 0.064 -0.035 0.008 0.025
AsaD312 n 64 24 86 218
Ae 8.250 8.113 4.357 8.857
HO 0.909 0.880 0.756 0.808
HE 0.885 0.895 0.775 0.889
FIS -0.059 -0.024 -0.020 0.046
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Table B.1: Allele frequencies for American shad samples.
Locus Allele Jam92 Jam93 Jam00 Jam02 Jam04 Jam06 Jam07 Jam08 Jam08V
Asa4 138 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
144 0.000 0.000 0.000 0.000 0.007 0.000 0.000 0.000 0.000
147 0.000 0.000 0.027 0.000 0.000 0.045 0.004 0.012 0.023
150 0.016 0.014 0.014 0.017 0.021 0.000 0.004 0.000 0.008
153 0.063 0.014 0.054 0.033 0.048 0.030 0.021 0.047 0.039
156 0.234 0.431 0.162 0.217 0.253 0.258 0.189 0.203 0.234
159 0.406 0.375 0.378 0.467 0.466 0.500 0.507 0.424 0.344
162 0.063 0.042 0.095 0.100 0.034 0.061 0.091 0.105 0.156
165 0.078 0.069 0.081 0.033 0.055 0.045 0.038 0.058 0.063
168 0.031 0.000 0.108 0.100 0.021 0.015 0.049 0.041 0.039
171 0.000 0.000 0.014 0.000 0.007 0.000 0.000 0.000 0.000
174 0.063 0.014 0.054 0.000 0.068 0.030 0.056 0.047 0.063
177 0.000 0.000 0.000 0.000 0.014 0.000 0.000 0.012 0.000
180 0.031 0.042 0.014 0.000 0.007 0.000 0.010 0.023 0.008
183 0.000 0.000 0.000 0.000 0.000 0.015 0.000 0.000 0.000
186 0.016 0.000 0.000 0.017 0.000 0.000 0.007 0.006 0.000
189 0.000 0.000 0.000 0.017 0.000 0.000 0.007 0.012 0.008
192 0.000 0.000 0.000 0.000 0.000 0.000 0.010 0.006 0.000
195 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000
198 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.006 0.000
201 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
204 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
207 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
210 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016
Asa6 92 0.000 0.000 0.026 0.019 0.000 0.015 0.000 0.000 0.015
95 0.000 0.000 0.013 0.000 0.000 0.000 0.000 0.000 0.000
98 0.000 0.027 0.013 0.000 0.000 0.000 0.007 0.000 0.008
101 0.109 0.189 0.092 0.154 0.159 0.152 0.170 0.088 0.076
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Table B.1 – continued from previous page. Allele frequencies for American shad samples.
Locus Allele Jam92 Jam93 Jam00 Jam02 Jam04 Jam06 Jam07 Jam08 Jam08V
104 0.219 0.122 0.197 0.231 0.188 0.152 0.207 0.176 0.242
107 0.047 0.041 0.013 0.058 0.022 0.030 0.047 0.007 0.000
110 0.313 0.351 0.263 0.192 0.254 0.258 0.246 0.338 0.280
113 0.219 0.135 0.211 0.231 0.246 0.303 0.217 0.236 0.258
116 0.094 0.095 0.118 0.077 0.080 0.091 0.083 0.135 0.106
119 0.000 0.000 0.039 0.019 0.022 0.000 0.007 0.020 0.008
122 0.000 0.027 0.013 0.019 0.029 0.000 0.014 0.000 0.008
125 0.000 0.014 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Asa8 119 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
123 0.016 0.027 0.013 0.034 0.047 0.030 0.028 0.025 0.039
127 0.047 0.000 0.000 0.000 0.008 0.000 0.000 0.025 0.016
131 0.000 0.000 0.013 0.017 0.000 0.000 0.004 0.006 0.016
135 0.344 0.311 0.382 0.328 0.320 0.348 0.296 0.319 0.313
139 0.234 0.176 0.224 0.259 0.258 0.333 0.254 0.294 0.258
143 0.125 0.176 0.079 0.069 0.086 0.061 0.074 0.056 0.086
147 0.109 0.162 0.092 0.155 0.133 0.091 0.204 0.131 0.133
151 0.031 0.095 0.105 0.052 0.102 0.015 0.067 0.075 0.094
155 0.016 0.014 0.000 0.017 0.008 0.015 0.011 0.006 0.000
159 0.031 0.027 0.066 0.034 0.008 0.045 0.035 0.025 0.031
163 0.031 0.000 0.000 0.017 0.016 0.030 0.021 0.019 0.000
167 0.000 0.000 0.013 0.000 0.000 0.000 0.000 0.000 0.000
171 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.006 0.008
175 0.016 0.014 0.013 0.017 0.000 0.000 0.007 0.006 0.008
179 0.000 0.000 0.000 0.000 0.008 0.015 0.000 0.000 0.000
183 0.000 0.000 0.000 0.000 0.000 0.015 0.000 0.006 0.000
Asa9 167 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
171 0.000 0.000 0.013 0.000 0.000 0.000 0.000 0.000 0.000
175 0.032 0.027 0.000 0.019 0.026 0.016 0.019 0.017 0.045
179 0.081 0.041 0.053 0.019 0.007 0.016 0.022 0.040 0.015
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Table B.1 – continued from previous page. Allele frequencies for American shad samples.
Locus Allele Jam92 Jam93 Jam00 Jam02 Jam04 Jam06 Jam07 Jam08 Jam08V
183 0.016 0.068 0.013 0.037 0.033 0.094 0.015 0.057 0.030
187 0.419 0.338 0.395 0.333 0.329 0.375 0.388 0.356 0.273
191 0.339 0.378 0.395 0.444 0.441 0.281 0.317 0.356 0.356
195 0.081 0.095 0.092 0.056 0.099 0.094 0.142 0.086 0.182
199 0.016 0.041 0.026 0.074 0.033 0.078 0.075 0.052 0.061
203 0.000 0.014 0.013 0.019 0.026 0.031 0.015 0.029 0.023
207 0.016 0.000 0.000 0.000 0.000 0.016 0.000 0.000 0.000
211 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.008
215 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.000
219 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008
223 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
227 0.000 0.000 0.000 0.000 0.007 0.000 0.000 0.000 0.000
231 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
235 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Asa20 224 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
233 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
236 0.032 0.014 0.000 0.019 0.015 0.000 0.000 0.012 0.000
239 0.000 0.000 0.000 0.000 0.007 0.000 0.000 0.000 0.000
242 0.081 0.100 0.153 0.093 0.096 0.015 0.133 0.122 0.162
245 0.194 0.186 0.069 0.185 0.162 0.182 0.122 0.116 0.185
248 0.065 0.029 0.111 0.074 0.074 0.106 0.091 0.087 0.038
251 0.242 0.171 0.153 0.111 0.213 0.121 0.161 0.099 0.169
254 0.177 0.371 0.333 0.463 0.250 0.348 0.360 0.355 0.277
257 0.161 0.071 0.028 0.000 0.051 0.061 0.024 0.064 0.008
260 0.032 0.000 0.028 0.000 0.051 0.061 0.038 0.076 0.062
263 0.000 0.029 0.028 0.037 0.029 0.045 0.038 0.041 0.046
266 0.016 0.029 0.097 0.019 0.051 0.030 0.031 0.029 0.054
269 0.000 0.000 0.000 0.000 0.000 0.030 0.000 0.000 0.000
272 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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Table B.1 – continued from previous page. Allele frequencies for American shad samples.
Locus Allele Jam92 Jam93 Jam00 Jam02 Jam04 Jam06 Jam07 Jam08 Jam08V
275 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Asa29 174 0.016 0.000 0.000 0.000 0.000 0.031 0.000 0.000 0.000
178 0.000 0.000 0.000 0.000 0.007 0.000 0.000 0.000 0.000
182 0.000 0.000 0.000 0.000 0.014 0.000 0.000 0.000 0.000
186 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.000
190 0.000 0.014 0.076 0.093 0.080 0.078 0.083 0.058 0.041
194 0.000 0.029 0.015 0.000 0.014 0.000 0.028 0.012 0.000
198 0.065 0.029 0.030 0.037 0.029 0.016 0.059 0.017 0.008
202 0.097 0.100 0.091 0.000 0.065 0.063 0.052 0.047 0.066
206 0.016 0.029 0.030 0.037 0.014 0.031 0.021 0.012 0.025
210 0.097 0.086 0.091 0.111 0.094 0.047 0.069 0.064 0.139
214 0.290 0.314 0.242 0.407 0.304 0.297 0.276 0.355 0.344
218 0.048 0.071 0.045 0.037 0.094 0.156 0.072 0.087 0.090
222 0.210 0.143 0.242 0.167 0.152 0.188 0.169 0.163 0.164
226 0.145 0.157 0.106 0.093 0.094 0.094 0.134 0.128 0.123
230 0.016 0.029 0.030 0.019 0.014 0.000 0.024 0.041 0.000
234 0.000 0.000 0.000 0.000 0.014 0.000 0.000 0.000 0.000
242 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
246 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.006 0.000
250 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
254 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
258 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
262 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
266 0.000 0.000 0.000 0.000 0.007 0.000 0.010 0.006 0.000
Asa31 104 0.000 0.000 0.000 0.000 0.000 0.000 0.021 0.000 0.000
108 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000
112 0.000 0.014 0.000 0.000 0.000 0.000 0.007 0.000 0.000
116 0.000 0.014 0.059 0.033 0.021 0.000 0.011 0.019 0.000
120 0.000 0.000 0.000 0.000 0.014 0.015 0.004 0.006 0.008
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Table B.1 – continued from previous page. Allele frequencies for American shad samples.
Locus Allele Jam92 Jam93 Jam00 Jam02 Jam04 Jam06 Jam07 Jam08 Jam08V
124 0.148 0.139 0.118 0.133 0.148 0.176 0.163 0.173 0.190
128 0.037 0.139 0.118 0.217 0.056 0.074 0.152 0.111 0.056
132 0.241 0.125 0.176 0.050 0.204 0.147 0.138 0.148 0.143
136 0.296 0.278 0.235 0.217 0.275 0.294 0.259 0.315 0.270
140 0.130 0.125 0.088 0.133 0.099 0.147 0.103 0.111 0.135
144 0.111 0.125 0.147 0.067 0.092 0.059 0.078 0.031 0.135
148 0.019 0.000 0.044 0.067 0.049 0.074 0.039 0.049 0.008
152 0.000 0.028 0.015 0.067 0.035 0.000 0.011 0.019 0.048
156 0.000 0.014 0.000 0.000 0.007 0.015 0.004 0.000 0.008
160 0.019 0.000 0.000 0.017 0.000 0.000 0.007 0.012 0.000
164 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.000
Asa249 213 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.000 0.000
217 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
225 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
233 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.000 0.000
237 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
249 0.019 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
253 0.019 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
257 0.000 0.015 0.000 0.000 0.000 0.016 0.003 0.006 0.008
261 0.000 0.015 0.000 0.000 0.015 0.000 0.027 0.029 0.000
265 0.154 0.061 0.059 0.054 0.068 0.031 0.048 0.047 0.049
269 0.154 0.121 0.044 0.089 0.038 0.109 0.051 0.058 0.025
273 0.058 0.106 0.162 0.089 0.045 0.016 0.068 0.058 0.082
277 0.058 0.061 0.074 0.089 0.038 0.109 0.051 0.058 0.074
281 0.231 0.121 0.162 0.250 0.197 0.141 0.205 0.151 0.270
285 0.038 0.106 0.132 0.054 0.061 0.031 0.134 0.169 0.049
289 0.019 0.045 0.044 0.036 0.076 0.094 0.038 0.052 0.033
293 0.077 0.091 0.088 0.089 0.083 0.109 0.079 0.058 0.098
297 0.000 0.045 0.059 0.000 0.061 0.000 0.038 0.035 0.041
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Table B.1 – continued from previous page. Allele frequencies for American shad samples.
Locus Allele Jam92 Jam93 Jam00 Jam02 Jam04 Jam06 Jam07 Jam08 Jam08V
301 0.038 0.000 0.015 0.054 0.038 0.031 0.038 0.023 0.025
305 0.019 0.045 0.015 0.000 0.038 0.016 0.027 0.012 0.033
309 0.038 0.015 0.074 0.054 0.061 0.078 0.031 0.035 0.016
313 0.058 0.061 0.029 0.054 0.045 0.109 0.034 0.064 0.049
317 0.000 0.015 0.000 0.018 0.045 0.000 0.007 0.006 0.016
321 0.000 0.015 0.000 0.000 0.008 0.000 0.041 0.012 0.008
325 0.000 0.000 0.000 0.018 0.008 0.000 0.010 0.017 0.008
329 0.000 0.000 0.015 0.000 0.008 0.000 0.024 0.012 0.033
333 0.000 0.000 0.000 0.000 0.000 0.000 0.010 0.017 0.008
337 0.000 0.015 0.029 0.018 0.008 0.016 0.000 0.017 0.008
341 0.019 0.015 0.000 0.018 0.008 0.016 0.007 0.017 0.008
345 0.000 0.015 0.000 0.000 0.008 0.031 0.003 0.000 0.000
349 0.000 0.000 0.000 0.000 0.023 0.000 0.003 0.006 0.008
353 0.000 0.000 0.000 0.000 0.000 0.016 0.010 0.000 0.000
357 0.000 0.000 0.000 0.000 0.000 0.016 0.003 0.029 0.016
361 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008
365 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.000 0.008
369 0.000 0.000 0.000 0.018 0.000 0.000 0.007 0.000 0.000
373 0.000 0.000 0.000 0.000 0.000 0.016 0.000 0.012 0.000
377 0.000 0.015 0.000 0.000 0.000 0.000 0.000 0.000 0.000
381 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008
385 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008
Asa312 244 0.016 0.000 0.000 0.019 0.007 0.000 0.007 0.007 0.000
248 0.016 0.000 0.031 0.056 0.014 0.034 0.021 0.029 0.031
252 0.048 0.000 0.031 0.130 0.090 0.069 0.085 0.074 0.070
256 0.048 0.029 0.125 0.111 0.083 0.103 0.121 0.074 0.055
260 0.097 0.029 0.109 0.037 0.153 0.190 0.103 0.154 0.047
264 0.097 0.103 0.141 0.167 0.153 0.121 0.131 0.162 0.148
268 0.113 0.132 0.141 0.130 0.174 0.155 0.184 0.169 0.266
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Table B.1 – continued from previous page. Allele frequencies for American shad samples.
Locus Allele Jam92 Jam93 Jam00 Jam02 Jam04 Jam06 Jam07 Jam08 Jam08V
272 0.161 0.162 0.141 0.185 0.118 0.086 0.128 0.110 0.148
276 0.097 0.103 0.125 0.056 0.069 0.052 0.060 0.118 0.094
280 0.081 0.088 0.109 0.093 0.069 0.121 0.085 0.059 0.055
284 0.065 0.132 0.031 0.019 0.028 0.017 0.025 0.007 0.031
288 0.016 0.074 0.000 0.000 0.028 0.034 0.011 0.015 0.023
292 0.032 0.088 0.000 0.000 0.000 0.000 0.011 0.007 0.008
296 0.048 0.015 0.000 0.000 0.007 0.000 0.004 0.007 0.023
300 0.016 0.015 0.000 0.000 0.000 0.000 0.000 0.000 0.000
304 0.000 0.000 0.016 0.000 0.000 0.017 0.004 0.000 0.000
308 0.048 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
312 0.000 0.015 0.000 0.000 0.000 0.000 0.000 0.000 0.000
316 0.000 0.000 0.000 0.000 0.007 0.000 0.004 0.007 0.000
320 0.000 0.015 0.000 0.000 0.000 0.000 0.004 0.000 0.000
324 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
328 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000
332 0.000 0.000 0.000 0.000 0.000 0.000 0.011 0.000 0.000
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Table B.2: Allele frequencies for American shad samples
Locus Allele Jam09 Pam92 Pam93 Pam94 Pam96 Pam00 Pam01 Pam02 Pam04
Asa4 138 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
144 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
147 0.006 0.000 0.024 0.022 0.000 0.010 0.000 0.019 0.033
150 0.000 0.029 0.012 0.011 0.000 0.010 0.000 0.010 0.000
153 0.024 0.000 0.053 0.044 0.054 0.029 0.017 0.000 0.100
156 0.151 0.206 0.265 0.264 0.223 0.235 0.190 0.212 0.200
159 0.500 0.603 0.400 0.456 0.455 0.539 0.483 0.471 0.400
162 0.114 0.059 0.100 0.044 0.098 0.039 0.069 0.173 0.133
165 0.060 0.059 0.059 0.033 0.063 0.020 0.069 0.067 0.033
168 0.066 0.029 0.024 0.011 0.045 0.069 0.086 0.010 0.033
171 0.006 0.000 0.006 0.000 0.000 0.010 0.034 0.000 0.000
174 0.024 0.000 0.035 0.055 0.054 0.039 0.017 0.029 0.067
177 0.000 0.015 0.006 0.000 0.009 0.000 0.000 0.000 0.000
180 0.030 0.000 0.006 0.016 0.000 0.000 0.034 0.000 0.000
183 0.000 0.000 0.006 0.005 0.000 0.000 0.000 0.000 0.000
186 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
189 0.000 0.000 0.006 0.005 0.000 0.000 0.000 0.010 0.000
192 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
195 0.000 0.000 0.000 0.011 0.000 0.000 0.000 0.000 0.000
198 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
201 0.000 0.000 0.000 0.011 0.000 0.000 0.000 0.000 0.000
204 0.006 0.000 0.000 0.011 0.000 0.000 0.000 0.000 0.000
207 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
210 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Asa6 92 0.000 0.000 0.000 0.000 0.000 0.019 0.000 0.000 0.000
95 0.000 0.000 0.000 0.000 0.000 0.009 0.000 0.000 0.000
98 0.000 0.014 0.016 0.006 0.000 0.000 0.000 0.000 0.000
101 0.139 0.095 0.156 0.174 0.115 0.094 0.103 0.125 0.273
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Table B.2 – continued from previous page. Allele frequencies for American shad samples.
Locus Allele Jam09 Pam92 Pam93 Pam94 Pam96 Pam00 Pam01 Pam02 Pam04
104 0.196 0.122 0.210 0.209 0.197 0.255 0.276 0.240 0.227
107 0.032 0.014 0.038 0.029 0.016 0.019 0.017 0.000 0.000
110 0.203 0.338 0.253 0.238 0.303 0.274 0.276 0.183 0.182
113 0.241 0.270 0.215 0.233 0.262 0.198 0.155 0.288 0.227
116 0.127 0.149 0.097 0.070 0.098 0.085 0.172 0.115 0.091
119 0.044 0.000 0.005 0.006 0.008 0.028 0.000 0.019 0.000
122 0.013 0.000 0.000 0.023 0.000 0.019 0.000 0.029 0.000
125 0.006 0.000 0.011 0.012 0.000 0.000 0.000 0.000 0.000
Asa8 119 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.000 0.000
123 0.049 0.064 0.063 0.027 0.041 0.009 0.078 0.047 0.036
127 0.006 0.000 0.011 0.005 0.008 0.009 0.000 0.009 0.000
131 0.000 0.038 0.000 0.000 0.008 0.000 0.000 0.009 0.000
135 0.293 0.269 0.384 0.275 0.303 0.343 0.359 0.255 0.286
139 0.262 0.256 0.195 0.253 0.262 0.241 0.234 0.302 0.286
143 0.067 0.090 0.053 0.110 0.131 0.074 0.000 0.085 0.071
147 0.159 0.141 0.163 0.165 0.131 0.194 0.172 0.113 0.179
151 0.091 0.077 0.047 0.082 0.049 0.065 0.078 0.085 0.036
155 0.018 0.000 0.005 0.016 0.025 0.019 0.047 0.038 0.036
159 0.018 0.013 0.016 0.027 0.016 0.019 0.016 0.009 0.000
163 0.037 0.013 0.026 0.022 0.008 0.009 0.000 0.000 0.036
167 0.000 0.000 0.005 0.011 0.016 0.000 0.000 0.019 0.000
171 0.000 0.026 0.016 0.000 0.000 0.000 0.000 0.009 0.036
175 0.000 0.000 0.005 0.000 0.000 0.009 0.000 0.000 0.000
179 0.000 0.013 0.000 0.005 0.000 0.009 0.000 0.009 0.000
183 0.000 0.000 0.011 0.000 0.000 0.000 0.000 0.009 0.000
Asa9 167 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
171 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
175 0.012 0.013 0.011 0.023 0.008 0.009 0.032 0.019 0.033
179 0.030 0.013 0.032 0.028 0.000 0.066 0.016 0.000 0.000
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Table B.2 – continued from previous page. Allele frequencies for American shad samples.
Locus Allele Jam09 Pam92 Pam93 Pam94 Pam96 Pam00 Pam01 Pam02 Pam04
183 0.085 0.118 0.016 0.045 0.047 0.028 0.032 0.094 0.000
187 0.366 0.329 0.399 0.426 0.367 0.349 0.290 0.255 0.367
191 0.287 0.342 0.335 0.313 0.367 0.349 0.355 0.425 0.433
195 0.152 0.105 0.154 0.114 0.125 0.104 0.177 0.094 0.133
199 0.037 0.039 0.016 0.023 0.016 0.066 0.065 0.028 0.000
203 0.024 0.039 0.005 0.017 0.023 0.019 0.032 0.066 0.000
207 0.000 0.000 0.011 0.000 0.016 0.000 0.000 0.000 0.000
211 0.000 0.000 0.011 0.011 0.000 0.000 0.000 0.019 0.033
215 0.000 0.000 0.005 0.000 0.016 0.009 0.000 0.000 0.000
219 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000
223 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
227 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.000 0.000
231 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.000 0.000
235 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Asa20 224 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
233 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
236 0.006 0.026 0.000 0.000 0.000 0.000 0.000 0.010 0.000
239 0.012 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.000
242 0.133 0.128 0.144 0.199 0.133 0.082 0.250 0.118 0.077
245 0.114 0.179 0.172 0.120 0.141 0.102 0.125 0.176 0.154
248 0.060 0.077 0.072 0.066 0.078 0.112 0.000 0.078 0.038
251 0.108 0.231 0.150 0.157 0.164 0.204 0.250 0.147 0.154
254 0.325 0.256 0.317 0.325 0.352 0.316 0.214 0.333 0.269
257 0.090 0.026 0.039 0.018 0.055 0.082 0.054 0.039 0.115
260 0.066 0.026 0.033 0.036 0.031 0.020 0.000 0.020 0.000
263 0.042 0.051 0.039 0.048 0.008 0.051 0.054 0.039 0.077
266 0.042 0.000 0.033 0.024 0.039 0.020 0.054 0.039 0.115
269 0.000 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000
272 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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Table B.2 – continued from previous page. Allele frequencies for American shad samples.
Locus Allele Jam09 Pam92 Pam93 Pam94 Pam96 Pam00 Pam01 Pam02 Pam04
275 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Asa29 174 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
178 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
182 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
186 0.000 0.000 0.016 0.006 0.000 0.000 0.000 0.000 0.000
190 0.068 0.026 0.043 0.047 0.057 0.068 0.125 0.060 0.036
194 0.014 0.013 0.027 0.041 0.016 0.014 0.000 0.020 0.000
198 0.014 0.013 0.048 0.012 0.057 0.027 0.000 0.020 0.000
202 0.041 0.128 0.081 0.047 0.025 0.095 0.042 0.080 0.036
206 0.021 0.064 0.000 0.023 0.049 0.000 0.000 0.010 0.000
210 0.130 0.013 0.070 0.105 0.172 0.176 0.208 0.080 0.143
214 0.308 0.321 0.312 0.314 0.270 0.311 0.250 0.270 0.357
218 0.103 0.115 0.081 0.070 0.025 0.041 0.063 0.100 0.000
222 0.158 0.154 0.161 0.140 0.172 0.095 0.208 0.240 0.036
226 0.103 0.141 0.145 0.145 0.139 0.149 0.083 0.100 0.357
230 0.021 0.013 0.011 0.017 0.000 0.014 0.000 0.010 0.000
234 0.014 0.000 0.005 0.000 0.000 0.000 0.000 0.010 0.000
242 0.000 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000
246 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
250 0.000 0.000 0.000 0.017 0.000 0.000 0.000 0.000 0.000
254 0.007 0.000 0.000 0.000 0.000 0.014 0.021 0.000 0.000
258 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
262 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
266 0.000 0.000 0.000 0.012 0.016 0.000 0.000 0.000 0.036
Asa31 104 0.000 0.000 0.029 0.000 0.000 0.000 0.000 0.000 0.000
108 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
112 0.019 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.000
116 0.026 0.013 0.029 0.012 0.016 0.000 0.017 0.011 0.033
120 0.000 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000
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Table B.2 – continued from previous page. Allele frequencies for American shad samples.
Locus Allele Jam09 Pam92 Pam93 Pam94 Pam96 Pam00 Pam01 Pam02 Pam04
124 0.123 0.115 0.155 0.173 0.148 0.214 0.155 0.149 0.300
128 0.084 0.064 0.115 0.167 0.115 0.133 0.172 0.106 0.167
132 0.117 0.218 0.132 0.173 0.123 0.173 0.172 0.170 0.167
136 0.312 0.282 0.299 0.256 0.262 0.245 0.345 0.372 0.233
140 0.182 0.115 0.121 0.089 0.139 0.133 0.103 0.128 0.033
144 0.058 0.154 0.075 0.054 0.098 0.031 0.017 0.032 0.033
148 0.006 0.026 0.029 0.024 0.041 0.031 0.000 0.011 0.033
152 0.045 0.000 0.011 0.006 0.041 0.031 0.017 0.011 0.000
156 0.006 0.000 0.000 0.018 0.008 0.000 0.000 0.000 0.000
160 0.019 0.013 0.006 0.018 0.008 0.000 0.000 0.011 0.000
164 0.000 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000
Asa249 213 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
217 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
225 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
233 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
237 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
249 0.000 0.013 0.005 0.000 0.000 0.000 0.000 0.000 0.000
253 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
257 0.013 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000
261 0.013 0.000 0.005 0.006 0.024 0.033 0.000 0.024 0.038
265 0.069 0.051 0.022 0.029 0.063 0.043 0.034 0.083 0.077
269 0.050 0.064 0.071 0.092 0.048 0.033 0.034 0.060 0.038
273 0.056 0.051 0.065 0.063 0.024 0.076 0.138 0.060 0.115
277 0.069 0.090 0.054 0.052 0.063 0.098 0.052 0.048 0.077
281 0.163 0.167 0.174 0.178 0.198 0.174 0.190 0.119 0.231
285 0.125 0.064 0.098 0.149 0.135 0.076 0.103 0.071 0.000
289 0.025 0.038 0.065 0.029 0.024 0.065 0.069 0.048 0.115
293 0.119 0.090 0.098 0.069 0.048 0.065 0.052 0.179 0.115
297 0.019 0.013 0.027 0.040 0.056 0.043 0.000 0.048 0.077
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Table B.2 – continued from previous page. Allele frequencies for American shad samples.
Locus Allele Jam09 Pam92 Pam93 Pam94 Pam96 Pam00 Pam01 Pam02 Pam04
301 0.025 0.064 0.033 0.011 0.024 0.022 0.069 0.036 0.038
305 0.006 0.000 0.033 0.034 0.024 0.043 0.034 0.036 0.000
309 0.050 0.038 0.027 0.040 0.071 0.065 0.069 0.036 0.000
313 0.038 0.026 0.054 0.023 0.016 0.033 0.052 0.024 0.000
317 0.038 0.026 0.016 0.017 0.032 0.033 0.000 0.012 0.000
321 0.013 0.013 0.016 0.034 0.008 0.011 0.000 0.024 0.038
325 0.031 0.026 0.038 0.023 0.032 0.000 0.017 0.012 0.000
329 0.006 0.000 0.027 0.046 0.040 0.011 0.017 0.012 0.000
333 0.025 0.013 0.011 0.017 0.016 0.000 0.017 0.012 0.000
337 0.006 0.000 0.016 0.000 0.016 0.000 0.034 0.012 0.038
341 0.000 0.013 0.000 0.023 0.008 0.011 0.000 0.000 0.000
345 0.013 0.026 0.016 0.000 0.000 0.000 0.017 0.024 0.000
349 0.000 0.026 0.000 0.000 0.016 0.033 0.000 0.012 0.000
353 0.006 0.000 0.011 0.000 0.008 0.033 0.000 0.000 0.000
357 0.006 0.000 0.005 0.000 0.000 0.000 0.000 0.012 0.000
361 0.006 0.038 0.000 0.006 0.000 0.000 0.000 0.000 0.000
365 0.013 0.026 0.005 0.006 0.000 0.000 0.000 0.000 0.000
369 0.000 0.026 0.000 0.006 0.000 0.000 0.000 0.000 0.000
373 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
377 0.000 0.000 0.005 0.000 0.008 0.000 0.000 0.000 0.000
381 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
385 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Asa312 244 0.006 0.039 0.011 0.024 0.008 0.000 0.000 0.020 0.000
248 0.006 0.066 0.027 0.006 0.057 0.029 0.000 0.000 0.033
252 0.068 0.066 0.087 0.071 0.098 0.088 0.103 0.122 0.000
256 0.080 0.105 0.060 0.060 0.082 0.049 0.103 0.082 0.100
260 0.093 0.105 0.092 0.149 0.107 0.118 0.086 0.092 0.033
264 0.179 0.132 0.152 0.137 0.115 0.098 0.190 0.173 0.300
268 0.105 0.132 0.185 0.202 0.131 0.157 0.224 0.092 0.100
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Table B.2 – continued from previous page. Allele frequencies for American shad samples.
Locus Allele Jam09 Pam92 Pam93 Pam94 Pam96 Pam00 Pam01 Pam02 Pam04
272 0.185 0.105 0.136 0.113 0.123 0.127 0.155 0.061 0.167
276 0.062 0.118 0.120 0.077 0.074 0.137 0.121 0.133 0.100
280 0.160 0.039 0.076 0.101 0.115 0.098 0.000 0.143 0.033
284 0.019 0.039 0.033 0.018 0.025 0.049 0.000 0.020 0.100
288 0.019 0.026 0.022 0.012 0.025 0.029 0.017 0.020 0.033
292 0.006 0.013 0.000 0.018 0.016 0.010 0.000 0.010 0.000
296 0.012 0.000 0.000 0.006 0.000 0.010 0.000 0.000 0.000
300 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.031 0.000
304 0.000 0.000 0.000 0.006 0.016 0.000 0.000 0.000 0.000
308 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
312 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
316 0.000 0.013 0.000 0.000 0.000 0.000 0.000 0.000 0.000
320 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
324 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.000 0.000
328 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
332 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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Table B.3: Allele frequencies for American shad samples
Locus Allele Pam05 Pam07 Pam08 Rapp92 Rapp93 Rapp08 Sus92 Sus07 Nan93
Asa4 138 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
144 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
147 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.007 0.009
150 0.017 0.005 0.026 0.000 0.008 0.021 0.012 0.004 0.009
153 0.017 0.041 0.066 0.029 0.016 0.083 0.019 0.052 0.018
156 0.190 0.259 0.211 0.147 0.254 0.250 0.099 0.209 0.161
159 0.500 0.427 0.500 0.529 0.492 0.479 0.642 0.509 0.545
162 0.086 0.086 0.039 0.088 0.049 0.083 0.074 0.087 0.071
165 0.069 0.055 0.039 0.074 0.041 0.021 0.006 0.031 0.036
168 0.069 0.027 0.000 0.074 0.057 0.021 0.012 0.043 0.009
171 0.000 0.009 0.013 0.015 0.000 0.000 0.037 0.004 0.018
174 0.034 0.055 0.092 0.029 0.049 0.042 0.080 0.027 0.089
177 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.018 0.000
180 0.017 0.014 0.013 0.000 0.016 0.000 0.006 0.002 0.000
183 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.000 0.000
186 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.000 0.009
189 0.000 0.009 0.000 0.015 0.016 0.000 0.000 0.002 0.009
192 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.018
195 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
198 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000
201 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
204 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
207 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000
210 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Asa6 92 0.000 0.008 0.013 0.000 0.000 0.000 0.000 0.000 0.000
95 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000
98 0.000 0.004 0.000 0.000 0.015 0.000 0.000 0.000 0.000
101 0.086 0.121 0.064 0.183 0.108 0.341 0.078 0.133 0.136
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Table B.3 – continued from previous page. Allele frequencies for American shad samples
Locus Allele Pam05 Pam07 Pam08 Rapp92 Rapp93 Rapp08 Sus92 Sus07 Nan93
104 0.293 0.179 0.256 0.150 0.200 0.045 0.289 0.242 0.164
107 0.000 0.038 0.038 0.033 0.031 0.000 0.006 0.009 0.045
110 0.259 0.283 0.269 0.150 0.338 0.250 0.111 0.226 0.318
113 0.190 0.233 0.192 0.317 0.246 0.159 0.439 0.247 0.236
116 0.121 0.096 0.154 0.133 0.054 0.182 0.061 0.122 0.064
119 0.052 0.017 0.000 0.033 0.000 0.000 0.011 0.011 0.009
122 0.000 0.013 0.013 0.000 0.008 0.023 0.006 0.009 0.018
125 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.009
Asa8 119 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.009
123 0.033 0.031 0.014 0.015 0.030 0.040 0.000 0.042 0.046
127 0.000 0.009 0.000 0.000 0.015 0.000 0.000 0.005 0.000
131 0.017 0.004 0.014 0.000 0.008 0.020 0.000 0.000 0.000
135 0.333 0.289 0.357 0.227 0.447 0.320 0.215 0.314 0.398
139 0.333 0.206 0.200 0.258 0.182 0.140 0.116 0.250 0.213
143 0.083 0.123 0.171 0.106 0.106 0.180 0.064 0.085 0.093
147 0.100 0.171 0.171 0.182 0.061 0.140 0.378 0.146 0.120
151 0.067 0.096 0.057 0.106 0.083 0.060 0.186 0.073 0.093
155 0.017 0.009 0.000 0.045 0.000 0.000 0.006 0.031 0.000
159 0.000 0.018 0.000 0.015 0.030 0.060 0.006 0.033 0.000
163 0.000 0.031 0.014 0.045 0.023 0.020 0.017 0.017 0.009
167 0.000 0.004 0.000 0.000 0.000 0.020 0.012 0.000 0.009
171 0.000 0.004 0.000 0.000 0.008 0.000 0.000 0.000 0.000
175 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.002 0.009
179 0.017 0.004 0.000 0.000 0.000 0.000 0.000 0.002 0.000
183 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Asa9 167 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000
171 0.000 0.000 0.000 0.000 0.000 0.020 0.000 0.000 0.000
175 0.019 0.027 0.013 0.042 0.023 0.020 0.092 0.061 0.009
179 0.037 0.023 0.013 0.000 0.000 0.020 0.011 0.023 0.018
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Table B.3 – continued from previous page. Allele frequencies for American shad samples
Locus Allele Pam05 Pam07 Pam08 Rapp92 Rapp93 Rapp08 Sus92 Sus07 Nan93
183 0.037 0.041 0.026 0.014 0.023 0.040 0.086 0.075 0.045
187 0.333 0.333 0.474 0.347 0.447 0.400 0.374 0.325 0.446
191 0.352 0.392 0.372 0.389 0.311 0.220 0.282 0.348 0.357
195 0.148 0.095 0.038 0.111 0.114 0.180 0.132 0.096 0.071
199 0.074 0.041 0.026 0.056 0.053 0.100 0.006 0.030 0.018
203 0.000 0.032 0.038 0.028 0.023 0.000 0.000 0.023 0.018
207 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.005 0.009
211 0.000 0.005 0.000 0.000 0.000 0.000 0.011 0.002 0.000
215 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.002 0.009
219 0.000 0.009 0.000 0.000 0.000 0.000 0.000 0.000 0.000
223 0.000 0.005 0.000 0.014 0.000 0.000 0.000 0.002 0.000
227 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
231 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
235 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.005 0.000
Asa20 224 0.000 0.000 0.000 0.000 0.000 0.000 0.012 0.000 0.000
233 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000
236 0.019 0.000 0.000 0.000 0.000 0.000 0.030 0.007 0.018
239 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
242 0.115 0.129 0.179 0.129 0.164 0.250 0.274 0.131 0.118
245 0.077 0.164 0.090 0.143 0.103 0.125 0.049 0.117 0.173
248 0.096 0.069 0.103 0.071 0.069 0.042 0.085 0.064 0.055
251 0.096 0.151 0.103 0.143 0.207 0.167 0.104 0.200 0.136
254 0.423 0.315 0.436 0.329 0.250 0.271 0.390 0.286 0.391
257 0.096 0.078 0.038 0.043 0.060 0.063 0.012 0.040 0.018
260 0.019 0.022 0.051 0.057 0.043 0.021 0.024 0.038 0.045
263 0.000 0.026 0.000 0.043 0.026 0.000 0.000 0.060 0.027
266 0.058 0.047 0.000 0.043 0.060 0.063 0.018 0.048 0.018
269 0.000 0.000 0.000 0.000 0.017 0.000 0.000 0.000 0.000
272 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000
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Table B.3 – continued from previous page. Allele frequencies for American shad samples
Locus Allele Pam05 Pam07 Pam08 Rapp92 Rapp93 Rapp08 Sus92 Sus07 Nan93
275 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Asa29 174 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
178 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000
182 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.000 0.000
186 0.000 0.004 0.014 0.000 0.000 0.000 0.006 0.000 0.009
190 0.017 0.109 0.042 0.028 0.070 0.000 0.128 0.028 0.075
194 0.052 0.030 0.000 0.014 0.016 0.000 0.006 0.014 0.009
198 0.017 0.030 0.028 0.042 0.008 0.021 0.083 0.021 0.028
202 0.103 0.100 0.056 0.056 0.039 0.104 0.150 0.058 0.047
206 0.017 0.009 0.014 0.000 0.016 0.021 0.000 0.023 0.019
210 0.017 0.087 0.097 0.125 0.070 0.042 0.039 0.065 0.057
214 0.379 0.370 0.278 0.278 0.289 0.542 0.344 0.344 0.321
218 0.086 0.070 0.111 0.111 0.172 0.042 0.056 0.105 0.123
222 0.190 0.126 0.181 0.181 0.148 0.167 0.150 0.181 0.151
226 0.121 0.061 0.153 0.125 0.148 0.063 0.039 0.137 0.142
230 0.000 0.000 0.000 0.028 0.016 0.000 0.000 0.012 0.019
234 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
242 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
246 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
250 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000
254 0.000 0.000 0.014 0.000 0.000 0.000 0.000 0.000 0.000
258 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000
262 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000
266 0.000 0.000 0.014 0.014 0.000 0.000 0.000 0.005 0.000
Asa31 104 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
108 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
112 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
116 0.052 0.019 0.026 0.014 0.008 0.000 0.012 0.005 0.019
120 0.000 0.005 0.000 0.014 0.008 0.024 0.006 0.005 0.000
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Table B.3 – continued from previous page. Allele frequencies for American shad samples
Locus Allele Pam05 Pam07 Pam08 Rapp92 Rapp93 Rapp08 Sus92 Sus07 Nan93
124 0.138 0.195 0.145 0.086 0.222 0.119 0.110 0.165 0.123
128 0.190 0.129 0.132 0.214 0.119 0.119 0.157 0.138 0.085
132 0.190 0.167 0.184 0.157 0.119 0.310 0.116 0.189 0.226
136 0.241 0.276 0.263 0.271 0.325 0.214 0.256 0.274 0.311
140 0.103 0.095 0.118 0.143 0.135 0.024 0.076 0.092 0.113
144 0.034 0.062 0.026 0.057 0.032 0.071 0.157 0.073 0.038
148 0.034 0.029 0.066 0.043 0.008 0.048 0.012 0.041 0.019
152 0.000 0.024 0.013 0.000 0.008 0.000 0.017 0.002 0.047
156 0.000 0.000 0.013 0.000 0.000 0.048 0.081 0.015 0.019
160 0.017 0.000 0.013 0.000 0.008 0.024 0.000 0.000 0.000
164 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.000 0.000
Asa249 213 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
217 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000
225 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
233 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
237 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
249 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.010
253 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
257 0.000 0.000 0.014 0.000 0.008 0.000 0.000 0.011 0.000
261 0.000 0.023 0.000 0.000 0.016 0.000 0.017 0.013 0.029
265 0.019 0.060 0.042 0.045 0.063 0.083 0.023 0.036 0.048
269 0.000 0.046 0.111 0.091 0.063 0.042 0.063 0.056 0.058
273 0.058 0.064 0.042 0.106 0.063 0.000 0.165 0.074 0.058
277 0.038 0.087 0.028 0.045 0.063 0.125 0.034 0.038 0.038
281 0.096 0.151 0.236 0.121 0.167 0.167 0.256 0.158 0.173
285 0.135 0.087 0.097 0.045 0.103 0.146 0.023 0.092 0.087
289 0.096 0.041 0.042 0.045 0.040 0.021 0.080 0.058 0.048
293 0.096 0.078 0.069 0.076 0.095 0.042 0.045 0.065 0.038
297 0.038 0.055 0.056 0.030 0.008 0.042 0.011 0.033 0.058
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Table B.3 – continued from previous page. Allele frequencies for American shad samples
Locus Allele Pam05 Pam07 Pam08 Rapp92 Rapp93 Rapp08 Sus92 Sus07 Nan93
301 0.096 0.046 0.014 0.061 0.040 0.042 0.023 0.022 0.038
305 0.058 0.023 0.056 0.030 0.048 0.021 0.006 0.045 0.067
309 0.038 0.046 0.042 0.030 0.024 0.000 0.011 0.045 0.038
313 0.038 0.032 0.028 0.061 0.048 0.083 0.006 0.025 0.077
317 0.000 0.023 0.014 0.015 0.008 0.000 0.023 0.022 0.019
321 0.019 0.009 0.028 0.015 0.016 0.042 0.000 0.020 0.029
325 0.038 0.028 0.000 0.015 0.016 0.000 0.017 0.029 0.019
329 0.019 0.014 0.028 0.061 0.024 0.042 0.085 0.020 0.010
333 0.038 0.028 0.014 0.030 0.032 0.042 0.080 0.031 0.000
337 0.058 0.000 0.028 0.015 0.000 0.021 0.028 0.020 0.010
341 0.000 0.018 0.000 0.015 0.000 0.000 0.000 0.013 0.010
345 0.000 0.005 0.000 0.015 0.016 0.021 0.000 0.002 0.010
349 0.000 0.009 0.000 0.015 0.024 0.000 0.000 0.022 0.000
353 0.000 0.009 0.000 0.000 0.000 0.000 0.000 0.007 0.010
357 0.019 0.005 0.000 0.000 0.000 0.021 0.006 0.013 0.000
361 0.000 0.000 0.014 0.000 0.000 0.000 0.000 0.013 0.000
365 0.000 0.005 0.000 0.000 0.008 0.000 0.000 0.004 0.019
369 0.000 0.000 0.000 0.015 0.000 0.000 0.000 0.007 0.000
373 0.000 0.005 0.000 0.000 0.008 0.000 0.000 0.000 0.000
377 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
381 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000
385 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Asa312 244 0.000 0.010 0.000 0.000 0.000 0.000 0.006 0.007 0.000
248 0.017 0.020 0.036 0.000 0.031 0.063 0.017 0.014 0.013
252 0.083 0.113 0.071 0.054 0.086 0.063 0.006 0.080 0.088
256 0.050 0.098 0.054 0.125 0.070 0.083 0.029 0.037 0.063
260 0.067 0.074 0.107 0.071 0.070 0.083 0.424 0.073 0.025
264 0.150 0.211 0.089 0.143 0.125 0.167 0.105 0.106 0.163
268 0.167 0.162 0.161 0.196 0.203 0.188 0.035 0.195 0.238
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Table B.3 – continued from previous page. Allele frequencies for American shad samples
Locus Allele Pam05 Pam07 Pam08 Rapp92 Rapp93 Rapp08 Sus92 Sus07 Nan93
272 0.267 0.098 0.214 0.196 0.109 0.125 0.058 0.165 0.113
276 0.083 0.108 0.125 0.143 0.125 0.021 0.017 0.106 0.100
280 0.083 0.069 0.143 0.054 0.133 0.125 0.163 0.071 0.100
284 0.000 0.010 0.000 0.018 0.023 0.000 0.029 0.044 0.025
288 0.017 0.020 0.000 0.000 0.016 0.083 0.052 0.069 0.025
292 0.017 0.005 0.000 0.000 0.000 0.000 0.047 0.011 0.000
296 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.005 0.025
300 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.009 0.000
304 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.002 0.025
308 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.002 0.000
312 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
316 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000
320 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.000 0.000
324 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
328 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
332 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000
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Table B.4: Allele frequencies for American shad samples.
Locus Allele Nan07 Pot93 Pot07 Pat07
Asa4 138 0.000 0.000 0.007 0.000
144 0.000 0.000 0.000 0.000
147 0.030 0.026 0.007 0.000
150 0.024 0.000 0.017 0.000
153 0.018 0.079 0.075 0.054
156 0.235 0.211 0.195 0.214
159 0.428 0.395 0.497 0.589
162 0.133 0.211 0.089 0.089
165 0.018 0.026 0.017 0.000
168 0.024 0.000 0.021 0.000
171 0.006 0.000 0.003 0.000
174 0.036 0.026 0.058 0.036
177 0.006 0.026 0.003 0.000
180 0.000 0.000 0.003 0.018
183 0.012 0.000 0.003 0.000
186 0.000 0.000 0.000 0.000
189 0.012 0.000 0.003 0.000
192 0.000 0.000 0.000 0.000
195 0.006 0.000 0.000 0.000
198 0.006 0.000 0.000 0.000
201 0.006 0.000 0.000 0.000
204 0.000 0.000 0.000 0.000
207 0.000 0.000 0.000 0.000
210 0.000 0.000 0.000 0.000
Asa6 92 0.000 0.000 0.000 0.000
95 0.000 0.000 0.000 0.038
98 0.006 0.000 0.003 0.000
101 0.146 0.184 0.139 0.135
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Table B.4 – continued from previous page. Allele frequencies for American shad samples.
Locus Allele Nan07 Pot93 Pot07 Pat07
104 0.215 0.132 0.243 0.135
107 0.000 0.026 0.017 0.000
110 0.253 0.184 0.274 0.231
113 0.234 0.237 0.223 0.365
116 0.114 0.158 0.071 0.077
119 0.025 0.026 0.017 0.019
122 0.006 0.053 0.014 0.000
125 0.000 0.000 0.000 0.000
Asa8 119 0.000 0.000 0.000 0.000
123 0.069 0.053 0.017 0.036
127 0.006 0.000 0.000 0.000
131 0.000 0.000 0.003 0.000
135 0.362 0.211 0.245 0.304
139 0.195 0.289 0.252 0.286
143 0.046 0.053 0.100 0.054
147 0.207 0.289 0.145 0.089
151 0.029 0.026 0.134 0.089
155 0.011 0.000 0.024 0.036
159 0.052 0.026 0.028 0.071
163 0.017 0.053 0.031 0.036
167 0.000 0.000 0.010 0.000
171 0.006 0.000 0.000 0.000
175 0.000 0.000 0.007 0.000
179 0.000 0.000 0.003 0.000
183 0.000 0.000 0.000 0.000
Asa9 167 0.000 0.000 0.000 0.000
171 0.000 0.000 0.000 0.000
175 0.029 0.000 0.027 0.000
179 0.041 0.000 0.021 0.036
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Table B.4 – continued from previous page. Allele frequencies for American shad samples.
Locus Allele Nan07 Pot93 Pot07 Pat07
183 0.047 0.026 0.024 0.054
187 0.407 0.500 0.363 0.393
191 0.326 0.342 0.363 0.357
195 0.099 0.053 0.110 0.107
199 0.035 0.026 0.048 0.036
203 0.012 0.026 0.027 0.018
207 0.006 0.026 0.014 0.000
211 0.000 0.000 0.000 0.000
215 0.000 0.000 0.000 0.000
219 0.000 0.000 0.000 0.000
223 0.000 0.000 0.003 0.000
227 0.000 0.000 0.000 0.000
231 0.000 0.000 0.000 0.000
235 0.000 0.000 0.000 0.000
Asa20 224 0.000 0.000 0.000 0.000
233 0.000 0.000 0.000 0.000
236 0.000 0.000 0.004 0.000
239 0.000 0.000 0.000 0.000
242 0.106 0.158 0.130 0.109
245 0.150 0.184 0.176 0.130
248 0.081 0.053 0.061 0.022
251 0.138 0.263 0.140 0.217
254 0.288 0.211 0.338 0.370
257 0.063 0.026 0.054 0.043
260 0.013 0.026 0.029 0.065
263 0.094 0.000 0.029 0.000
266 0.025 0.079 0.036 0.043
269 0.031 0.000 0.004 0.000
272 0.006 0.000 0.000 0.000
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Table B.4 – continued from previous page. Allele frequencies for American shad samples.
Locus Allele Nan07 Pot93 Pot07 Pat07
275 0.006 0.000 0.000 0.000
Asa29 174 0.000 0.000 0.000 0.000
178 0.000 0.000 0.000 0.000
182 0.000 0.000 0.000 0.000
186 0.006 0.000 0.007 0.000
190 0.030 0.000 0.036 0.058
194 0.006 0.000 0.014 0.000
198 0.030 0.000 0.043 0.038
202 0.066 0.158 0.068 0.038
206 0.024 0.000 0.004 0.000
210 0.120 0.132 0.090 0.115
214 0.325 0.368 0.284 0.404
218 0.102 0.132 0.090 0.096
222 0.193 0.184 0.187 0.212
226 0.084 0.026 0.169 0.038
230 0.012 0.000 0.004 0.000
234 0.000 0.000 0.000 0.000
242 0.000 0.000 0.000 0.000
246 0.000 0.000 0.000 0.000
250 0.000 0.000 0.000 0.000
254 0.000 0.000 0.000 0.000
258 0.000 0.000 0.000 0.000
262 0.000 0.000 0.000 0.000
266 0.000 0.000 0.004 0.000
Asa31 104 0.000 0.000 0.000 0.000
108 0.000 0.000 0.000 0.000
112 0.000 0.026 0.004 0.000
116 0.013 0.000 0.019 0.045
120 0.000 0.000 0.000 0.000
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Table B.4 – continued from previous page. Allele frequencies for American shad samples.
Locus Allele Nan07 Pot93 Pot07 Pat07
124 0.151 0.211 0.171 0.136
128 0.086 0.132 0.112 0.182
132 0.118 0.184 0.229 0.068
136 0.355 0.289 0.279 0.318
140 0.178 0.026 0.105 0.136
144 0.059 0.079 0.035 0.068
148 0.020 0.026 0.023 0.023
152 0.013 0.026 0.004 0.023
156 0.007 0.000 0.012 0.000
160 0.000 0.000 0.008 0.000
164 0.000 0.000 0.000 0.000
Asa249 213 0.000 0.000 0.000 0.000
217 0.000 0.000 0.000 0.000
225 0.000 0.000 0.004 0.000
233 0.000 0.000 0.000 0.000
237 0.000 0.000 0.004 0.000
249 0.000 0.000 0.000 0.000
253 0.000 0.000 0.000 0.000
257 0.000 0.000 0.004 0.000
261 0.018 0.000 0.019 0.019
265 0.054 0.056 0.038 0.074
269 0.060 0.028 0.071 0.037
273 0.078 0.056 0.086 0.019
277 0.048 0.056 0.071 0.019
281 0.223 0.194 0.150 0.204
285 0.066 0.139 0.102 0.130
289 0.024 0.028 0.041 0.056
293 0.078 0.083 0.038 0.019
297 0.048 0.000 0.045 0.111
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Table B.4 – continued from previous page. Allele frequencies for American shad samples.
Locus Allele Nan07 Pot93 Pot07 Pat07
301 0.024 0.083 0.038 0.000
305 0.048 0.056 0.034 0.019
309 0.036 0.056 0.030 0.056
313 0.036 0.000 0.011 0.056
317 0.012 0.000 0.049 0.000
321 0.018 0.000 0.053 0.019
325 0.024 0.056 0.026 0.000
329 0.036 0.028 0.008 0.037
333 0.018 0.000 0.011 0.000
337 0.006 0.000 0.004 0.019
341 0.006 0.000 0.004 0.000
345 0.006 0.028 0.008 0.000
349 0.006 0.000 0.008 0.056
353 0.006 0.000 0.015 0.000
357 0.000 0.028 0.000 0.000
361 0.006 0.028 0.011 0.037
365 0.000 0.000 0.004 0.000
369 0.006 0.000 0.008 0.019
373 0.000 0.000 0.004 0.000
377 0.006 0.000 0.000 0.000
381 0.000 0.000 0.000 0.000
385 0.000 0.000 0.004 0.000
Asa312 244 0.007 0.000 0.016 0.000
248 0.014 0.000 0.035 0.000
252 0.106 0.000 0.079 0.125
256 0.056 0.115 0.075 0.054
260 0.085 0.038 0.083 0.036
264 0.063 0.385 0.122 0.107
268 0.190 0.115 0.150 0.125
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Table B.4 – continued from previous page. Allele frequencies for American shad samples.
Locus Allele Nan07 Pot93 Pot07 Pat07
272 0.155 0.038 0.154 0.161
276 0.162 0.077 0.138 0.071
280 0.113 0.154 0.083 0.196
284 0.028 0.077 0.012 0.018
288 0.014 0.000 0.032 0.089
292 0.007 0.000 0.012 0.018
296 0.000 0.000 0.008 0.000
300 0.000 0.000 0.000 0.000
304 0.000 0.000 0.000 0.000
308 0.000 0.000 0.000 0.000
312 0.000 0.000 0.000 0.000
316 0.000 0.000 0.004 0.000
320 0.000 0.000 0.000 0.000
324 0.000 0.000 0.000 0.000
328 0.000 0.000 0.000 0.000
332 0.000 0.000 0.000 0.000
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